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Abstract 

The martensitic microstructure with high defect density and supersaturated carbon can be 

considered a low-ductility microstructure. Thus, to improve its toughness it always 

undergoes a tempering treatment before it is put to use. During tempering, various 

secondary phases are precipitated within the matrix phase, and the evolution of these 

precipitate strongly influences the properties of martensitic steel, such as 

strength/ductility, fatigue, creep and hot corrosion resistance. Therefore, by controlling 

the precipitation phenomena many opportunities can open up for materials and process 

design optimization. Quantitative modelling of the precipitation phenomena is one path 

towards better control of the precipitation.  

The Fe-C-Cr system forms the base system for important steel categories such as hot-

work tool steels. They are characterized by high hardness and good toughness, even at 

elevated temperatures. In the present work, Fe-C-Cr model alloys were investigated to 

study precipitation in martensite during tempering. The as-quenched martensitic 

microstructures in these alloys with varying carbon and chromium content were 

systematically investigated using different experimental techniques. In addition, the 

evolution of the martensitic microstructure and precipitation during tempering was 

evaluated for two Fe-C-Cr alloys with low carbon content and varying chromium content 

using X-ray diffraction (XRD), electron backscatter diffraction (EBSD), electron 

channelling contrast imaging (ECCI) and transmission electron microscopy (TEM). 

It was found that the morphology of fresh martensite and the ratio of high-angle grain 

boundary (HAGB) to low-angle grain boundary (LAGB) were affected by Cr addition, 

which is similar to the effect of C addition. However, the Cr addition had no effect on the 

micro-hardness whilst the C addition had a strong influence on it. 
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During tempering at 700 °C, the coarse and fine laths of the as-quenched martensite 

coarsened slowly for both low carbon alloys. A clear difference between the two alloys 

was distinguished by studying structural units separated by high-angle boundaries 

(HABs). In the low-Cr alloy, M3C precipitates formed and coarsened rapidly, thus they 

caused little hindrance for migration of HABs. In the high-Cr alloy, M7C3 precipitates 

formed and coarsened slowly, thereby providing a larger pinning effect on the HABs than 

that made by M3C in the low-Cr alloy.  

Then, a quantitative experimental characterization of the precipitates in the tempered 

martensite was performed. Moreover, the software TC-PRISMA, which is based on 

Langer-Schwartz theory and adopts the Kampmann-Wagner-Numerical (KWN) method, 

was applied to predict the precipitates formed in the Fe-0.15C-4.0Cr (mass%) model 

alloy after tempering. The important input parameters for the modelling were obtained 

from microstructure characterization of the as-quenched material. A careful comparison 

was made between the experimental results and the modelling predictions. The effect of 

parameters i.e., dislocation density, interfacial energy and grain size on the precipitates 

was discussed.  

Furthermore, the growth and coarsening of precipitates in one of the model alloys: Fe-

1C-1Cr (mass%) was studied with the help of electron microscopy analysis combined 

with DICTRA simulations. The chemical composition across the matrix-precipitate 

interface and within the precipitates was obtained for the 700 °C and 500 °C-tempered 

samples. An apparent enrichment of Cr was found at the interface zone of precipitates 

after tempering at 700 °C for a short duration of 5 s, while such enrichment of Cr was 

found only after 30 min at 500 °C, and in both cases the Cr/Fe ratio at the middle of the 

precipitate was equal to that in the matrix far away from any precipitates. The 

discrepancy between experimental data and calculations on the growth and coarsening of 

precipitates was discussed and then further development of the precipitation modelling 

was proposed.   

Keywords Fe-C-Cr alloy; Microstructure; Precipitates; Tempering of martensite; 

Electron microscopy; Growth; Coarsening; Modelling. 
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Sammanfattning 

Den martensitiska mikrostrukturen med hög defektdensitet och övermättad på kol kan 

betraktas som en mikrostruktur med låg duktilitet. För att förbättra segheten genomgår 

den oftast en anlöpningssbehandling innan den används. Under anlöpningen utskiljs olika 

sekundära faser inom matrisfasen. Utvecklingen av dessa utskiljningar påverkar starkt det 

martensitiska stålets egenskaper, såsom hållfasthet/duktilitet, utmattning, kryp och 

korrosionsbeständighet. Därför kan många möjligheter öppnas för material-och 

processoptimering genom att kontrollera utskiljningsfenomenen, t.ex. är kvantitativ 

modellering en väg mot bättre kontroll av utskiljningsreaktioner i martensitiska stål. 

Fe-C-Cr-systemet utgör bassystemet för viktiga stålkategorier, såsom verktygsstål. De 

kännetecknas av hög hårdhet och bra seghet, även vid förhöjda temperaturer. I det 

aktuella arbetet undersöktes modell-legeringar av Fe-C-Cr med avseende på utskiljning i 

martensit under anlöpning. De släckta martensitiska mikrostrukturerna i dessa legeringar, 

med varierande kol- och krominnehåll, undersöktes systematiskt med användning av 

olika experimentella tekniker. Dessutom utvärderades utvecklingen av den martensitiska 

mikrostrukturen och utskiljningarna under anlöpning för två Fe-C-Cr-legeringar med lågt 

kolinnehåll och varierande krominnehåll med hjälp av röntgendiffraktion 

(XRD), ”electron backscatter diffraction” (EBSD), ”electron channeling constrast 

imaging” (ECCI) och transmissionselektronmikroskopi (TEM). 

Man fann att morfologin hos färsk martensit och förhållandet mellan 

högvinkelkornsgränser (HAGB) och lågvinkelkornsgränser (LAGB) påverkades av Cr 

tillsats, vilket liknar effekten av C-tillsats. Men Cr-tillsatsen hade ingen effekt på 

mikrohårdheten medan C-tillsatsen hade ett starkt inflytande på den. 

Under anlöpningen vid 700 ° C förgrovades de grövre och fina lattorna hos den släckta 

martensiten långsamt för båda lågkol-legeringarna. En tydlig skillnad mellan de två 

legeringarna kunde observeras genom att studera strukturella enheter separerade av 

högvinkelgränser (HAB). I låg-Cr-legeringen utskiljs M3C och förgrovas snabbt, och 
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orsakar sålunda ett litet hinder för rörelsen av HABs. I hög-Cr-legeringen utskiljs M7C3 

som förgrovas långsamt, varigenom de ger en större pinning-effekt på HABs jämfört med 

M3C i låg-Cr legeringen. 

Därefter utfördes en kvantitativ experimentell karakterisering av utskiljningarna i den 

anlöpta martensiten. Dessutom användes mjukvaran TC-PRISMA, som är baserad på 

Langer-Schwartz-teorin med Kampmann-Wagners numeriska metod (KWN), för att 

förutsäga utskiljningarna som bildades i Fe-0.15C-4.0Cr (vikt%) efter härdning och 

anlöpning. De viktiga ingångsparametrarna för modelleringen erhölls från 

mikrostrukturkarakterisering av det släckta materialet. En noggrann jämförelse gjordes 

mellan experimentella resultat och förutsägelser från modelleringen. Effekten av olika 

parametrar, dvs dislokationstäthet, gränsenergi och kornstorlek på utskiljningarna 

diskuterades. 

Vidare studerades tillväxten och sammansättningen hos utskiljningar i en modell-legering 

Fe-1C-1Cr (vikt%) med hjälp av elektronmikroskopianalys i kombination med DICTRA-

simuleringar. Den kemiska sammansättningen över gränsytan matris/utskiljning och inom 

utskiljningarna erhölls för 700 °C och 500 °C-anlöpta prover. En tydlig anrikning av Cr 

hittades vid gränsytan efter anlöpning i 5 s vid 700 °C, medan en sådan anrikning av Cr 

fanns först efter 30 min vid 500 °C. I båda fallen var Cr / Fe-förhållandet vid mitten av 

utskiljningen lika med den i matrisen långt ifrån andra utskiljningar. Skillnaden mellan 

experimentella data och beräkningar på tillväxten och förgrovningen av utskiljningar 

diskuterades och förslag på utveckling av utskiljningsmodelleringen gavs. 

Nyckelord Fe-C-Cr legering; Mikrostruktur; Utskiljning; Anlöpning av martensit; 

Elektronmikroskopi; Tillväxt; Förgrovning; Modellering. 
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Chapter 1 Introduction 

1.1 Background  

Steels are by far the most frequently used metallic material among a number of 

competitive materials [1]. The main reason for this is certainly their attractive properties 

e.g., strength and toughness, with a competitive cost and easy recycling [1, 2]. Moreover, 

the properties of steels can be manipulated over wide ranges by varying the chemical 

composition or processing parameters. Among various steel types, martensitic steels have 

been attracting attention due to their excellent combination of ultra-high strength as well 

as toughness, which can be improved by optimizing the heat treatments. This makes them 

amenable to metal forming operations and engineering machinery [1-5]. Historically, 

considerable efforts have been put into understanding steels from physical metallurgy 

view in order to improve the properties of martensitic steels, for example, by 

simultaneously increasing strength and toughness by nanoprecipitation [6-22]. Recent 

advances in theoretical and experimental analysis of iron-based alloys, induced by the 

development trend to integrated computational materials engineering (ICME) [23], 

enable more computationally-driven design and optimization of tempered martensite. To 

further improve the development of advanced steels with high production efficiency and 

low cost, a fundamental understanding of the precipitation reaction, including the growth 

and coarsening mechanisms and their contribution to the microstructure during tempering, 

is still needed [1, 3, 24, 25].  

Upon tempering, the coarsening of martensitic microstructures occurs. Accompanying the 

microstructure changes, various new phases may also precipitate during tempering [1-4]. 

Thus, the mechanical properties of tempered steels, such as hardness, would also change 

due to its strong relationship with the microstructure. On one hand, several factors 

including recovery of dislocation structures and recrystallization, annihilation of low 
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angle grain boundaries, migration of interstitial atoms from body centered cubic (BCC) or 

body centered tetragonal (BCT)- iron structure, decomposition of retained austenite, 

precipitation and coarsening of the precipitates, may lead to softening of the matrix phase 

[1, 3, 4]. In an alternative but often simultaneous scenario, if strong carbide forming 

alloying elements are added and proper tempering is employed, the formation of densely 

dispersed precipitates coherent with the matrix phase may result in an increase in both 

strength and ductility [7-14]. Hence, the properties of martensitic steels are determined by 

the tempered martensitic microstructure i.e., both the matrix phase and the new 

precipitated second phase(s). Understanding of the precipitation reaction by advanced 

experimental and computational methodology is thus required for advanced material 

design and optimization of heat treatments [1, 3, 24, 25].  

In the past decades, substantial research on the precipitation and the accompanied 

microstructure evolution in martensitic steels during tempering has been conducted using 

various characterization methodologies [3, 26, 27]. Chemical composition at and across 

the precipitates/matrix interface is a way to indicate the interface migration conditions 

during the nucleation and growth of the precipitates [5, 25]. Thus, chemical analysis at 

local zones is required in order to understand the precipitation reaction further. In 

addition, the interaction between the microstructure and the precipitates during tempering 

still needs to be better understood, e.g., which type of boundaries or structures will be 

effectively pinned by the precipitates, how the dislocations change depending on the 

tempering time and temperature and the mechanism of lath boundaries merging or 

migration [3, 28-32]. Beside the above-mentioned experimental studies on the 

precipitation, developed models implemented in commercial software packages that 

consider different assumptions have also been used to simulate the precipitation process 

in different materials based on the thermodynamic database [33-52]. However, the 

investigation of precipitation in martensite during tempering is often performed on a 

qualitative or semi-quantitative basis, and few quantitative studies have been performed 

[25, 49, 52]. To take advantage of the precipitation in tempered martensite, the 

thermodynamic and kinetics behavior of precipitation needs to be better understood. 
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1.2 Scope of the present work  

The major goal of the present thesis is to quantitatively characterize and model the 

precipitation during tempering of martensitic Fe-C-Cr steels. Therefore, different 

investigations have been carried out:  

(1) First, the fresh martensitic microstructure in four Fe-C-Cr steels was well 

characterized to refine and further understand the influence of elements Cr and C on 

the martensitic microstructures. Based on that, the microstructural parameters were 

used as input for the precipitation modelling to increase knowledge of the initial 

microstructure’s role on the precipitation during tempering. (Paper I ) 

(2) Second, precipitation kinetic simulations including nucleation, growth and coarsening 

were carried out. The comparison between experimental data and simulations provide 

a basis for further refinement of the modelling. (Paper II) 

(3) Third, microstructure evolution during tempering was systematically characterized. 

The discussion of the interaction between the precipitates and martensitic 

microstructure gives an insight to the correlative evolution of microstructure and 

precipitation during tempering, and maybe considerations for the refinement of the 

modelling of precipitation. (Paper III ) 

(4) Fourth, the chemical composition across the precipitate/matrix interface was 

evaluated by both experiments and calculations, aiming to further increase 

understanding of the controlling mechanism at the phase interface during early stages 

of precipitation of M3C. (Paper IV) 

(5) Fifth, the coarsening of precipitates in martensite during tempering was studied by 

comparing experiments and kinetic calculations, and the mean size and particle size 

distribution of M3C precipitates in martensitic steel were discussed, again in order to 

extend the capability of modelling. (Paper V) 
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Chapter 2 Martensite 

2.1 Martensite transformation  

The name “martensite” was coined to honour Adolf Martens for his metallographic 

observations in 1890 [1, 5]. Originally, it was used to describe the hard phase found in 

quenched steels. Nowadays, it has been extended to designate any diffusionless product 

in e.g., ferrous, nonferrous, ceramics, and minerals during either cooling or deformation 

[1, 4, 5, 53, 54].  

Martensite transformation in steels mostly occurs during rapid cooling from above 

austenitic temperature, which is also referred to as quenching, during which the cooling 

rate is sufficient to avoid any diffusional solid-state transformations, e.g., ferrite and 

pearlite [1, 3, 53-55]. Depending on the carbon and alloying elements content, the 

martensite transformation may be partially or fully completed at room temperature.  

Hardenability is the ability of steel to form martensite on quenching, which also indicates 

the criterion cooling rate needed for a martensitic transformation to occur.  

During martensitic phase transformation in steels, the austenite with a face-centered cubic 

(FCC) lattice is transformed to martensite with a body-centered tetragonal (BCT) lattice 

by a diffusionless shear process [53-54]. Due to the large difference in alloying solubility 

between FCC lattice and BCT lattice, the distorted BCT lattice will be highly 

supersaturated with carbon [1]. A linear relationship between the lattice parameter a and 

c of BCT martensite has been established for plain carbon steels [56, 57]:  

/ 1 0.045 %c a wt C                                          (2.1) 

Therefore, the carbon content in the matrix could be evaluated by calculating the lattice 

parameters using sophisticated experiments [55-58]. Nevertheless, the martensite can be 
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approximately considered as a body-centered cubic (BCC) lattice structure when the 

carbon content is very low.  

2.2 Martensitic microstructure  

Depending on, e.g., chemical composition, cooling rate and degree of under-cooling, the 

martensitic microstructure as well as its mechanical properties of steel always vary [21-

23, 51, 59-66]. Furthermore, the evolution of martensitic microstructures during 

tempering or service is strongly related to the initial microstructure [24, 58]. Thus, 

characterization of the martensitic microstructure in both initial and tempered conditions 

is crucial for improving our understanding of martensite.  

Until now, to describe various microstructure of martensite, several nomenclatures have 

been developed and used based on its morphology such as lath, plate, butterfly, lenticular 

and thin plate [1, 2, 24]. Fig. 2.1 shows a schematic of morphologies and martensite start 

temperature (Ms) changes with carbon content in binary Fe-C alloys [2]. In principle, an 

increase in carbon content permits the gradual transition from lath to plate. While, a 

mixture of martensitic microstructures, i.e., lath and plate, is often found in most practical 

cases due to the transition of martensite morphology occurring during the whole 

composition range of carbon. 
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Fig.2.1 Martensite morphology along with martensite start temperature (Ms) as a function 

of carbon content in Fe-C alloys [2].  

Furthermore, in alloyed steels, the martensitic microstructure is affected by the addition 

of alloying elements. The fundamental point of the morphology change in martensite is 

dependent on its preferred type of plastic deformation, which is determined by the critical 

resolved shear stress (CRSS) for slip and twinning at the transformation temperature [1, 2, 

14, 51]. Alloying elements, with the exception of Co, will decrease the Ms temperature 

and increase the twinning slip tendency. Fig. 2.2 represents examples of the light optical 

microscopy (LOM) microstructure of as-quenched Fe-C-Cr alloys [51, 64].  
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Fig. 2.2 LOM images of martensitic microstructure in ternary Fe-C-Cr alloys. 

(a) Fe-0.15C-1.0Cr (mass%), lath martensite, (b) Fe-1C-4Cr (mass%), plate martensite 

after austenitizing at 1100 °C for 10 min, followed by quenching in brine to room 

temperature, Images are from [51]. 

(c) Fe-1.44C-3Cr (mass%), (d) Fe-0.92C-8Cr (mass%), thin plate martensite, after 

austenitizing at 1150 °C for 30 min, followed by quenching in brine to 0 °C and 30 °C. 

Images are modified from [64].  

Martensite can be considered as a complicated hierarchical structure with high defect 

density. In the hierarchical martensite, units with heterogeneous composition and 

hardness assemble in a specific way, decided by factors such as which way the maximum 

strain or stress could be relieved during the martensitic phase transformation upon 

quenching [61, 67-72]. In Fig. 2.3, a schematic of substructure in lath martensite [70], 

which is mostly found in low-carbon and low-alloyed steels with high Ms temperature, is 
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presented. The hierarchic units in martensite have the following order from large to small: 

prior austenite grain - packet- block- (sub-block) – lath. The length-scales of these 

hierarchic structures range from several hundred micrometers to several tens of 

nanometers [72]. In addition, a high density of dislocations (10
14

–10
16 

m
-2

) arranged 

inside and at the boundaries of laths is one of the obvious features in lath martensite [60, 

73]. Since lath martensite usually has a superior combination of toughness and strength, it 

is the most common constituent in high-strength steels. While, the plate martensite is 

usually found in high-carbon and high-alloyed steels with low Ms temperatures, and 

consists of coarse plates with or without mid-rib and planar defects [74, 75].     

  

Fig. 2.3 Schematic drawing of hierarchical microstructure for lath martensite [70]. 

The features of martensite such as dislocation density, grain boundaries distribution and 

size of various units, provide the primary information on e.g., nucleation sites for 

precipitation.  

2.3 Tempering of martensite 

To achieve the desired hardness, strength, ductility or toughness, martensitic steels are 

often subjected to tempering after quenching [1-5]. Tempering essentially involves 
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heating the material to elevated temperatures in the range of between 150 and 700 
o
C, 

which is below the Ac1 temperature (austenite start temperature), and holding for a 

specific time [1]. In some cases, double or multiple tempering instead of single tempering 

is performed for martensitic steels, for example, eliminate fresh martensite and austenite 

[4].  

In recent decades, optimization of tempering parameters including tempering temperature 

and time, heating rate, etc., has been studied intensively to improve the mechanical 

properties [4, 6, 10-11, 15-23]. Depending on the chemical composition and the required 

mechanical properties for the martensitic steels, the selection of tempering parameters 

varies considerable. In the case of hot-work tool steels, the tempering temperatures are 

mostly in the range of from 500 °C to 650 °C, even up to 700 °C. At this tempering 

temperature, precipitation of various secondary phases is promoted by the increased 

diffusivities of carbides-forming alloying elements [1, 4].  

Depending on the tempering temperature and time, the evolution of microstructure in 

martensitic steels may vary significantly during tempering. At tempering temperatures 

below 250 °C, interstitial atoms such as carbon are mobile but the substitutional elements 

are almost immobile due to their very low diffusivities [1]. Thus, carbon plays a 

dominant role in the transition carbide formation at low temperature tempering [76]. At 

tempering temperatures between 250 to 450 °C, further carbon released from the matrix 

enable the formation of cementite, and the stable cementite and ferrite will replace the 

transition carbides and low-carbon martensite [1]. With the tempering temperature 

increasing up to 700 °C, sufficient thermal energy is available for substitutional elements 

to be mobile and influence the microstructural coarsening [1]. Fig. 2.4 shows a tempered 

martensite in Fe-0.15C-1Cr (mass%) alloy. After being tempered at 700 °C for 1000 h, 

the lath-shaped martensite is transformed to polygonal ferrite with large precipitates. 

After being tempered at 500 °C for 1000 h, the lath-shaped martensite can still be 

observed. 
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Fig. 2.4 SEM-ECCI microstructure of Fe-0.15C-1.0Cr (mass%) alloy after tempering at: 

(a) 700 °C; (b) 600 °C; (c) 500 °C for 1000 h. White arrows represent precipitates. 

In addition to the influence of tempering temperature and time, the martensitic 

microstructure evolution during tempering is also dependent on its chemical composition. 

During tempering the fine dispersed precipitates can retard the migration of various 

defects such as boundaries and dislocations, resulting in a different coarsening rate of the 

martensitic substructure, see Fig. 2.5. On the other hand, the interaction between the 

formed precipitates and various boundaries may also affect either recrystallization or 

recovery behavior in tempering martensite [3, 29-32].  
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Fig. 2.5 LOM microstructure of alloys: (a) Fe-0.15C-1.0Cr; (b) Fe-0.15C-4.0Cr; (c) Fe-

1C-1Cr; (d) Fe-1C-4Cr. after tempering at 700 °C for 1000 h. Black points are 

precipitates, black curved lines are boundaries, grey blocks are the matrix phase. 

The coarsening of martensitic microstructure during tempering results in different length 

scales, ranging from the characteristic diffusion length of interstitial or substantial atoms 

to movement of grain boundaries distance, within an overlap in temperature and time 

range. Thereby, fully characterizing this hierarchical martensite evolution during 

tempering remains a challenge.  

The variation of chemical composition, quantified by the state-of-the-art experimental 

techniques, at and far away from the interface of the precipitated phase and parent phase 

during tempering could indicate the nucleation and growth controlling mechanism of 

precipitates [37, 38, 76]. The interplay between microstructure and precipitation is also 

essential to obtain an understanding of the microstructure evolution during tempering. 
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Thus, characterization of tempering microstructure is needed and can be used to refine 

and extend the applicability of the existing modelling [37]. 
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Chapter 3 Precipitation  

Precipitation reaction is one type of phase transformation during which fine size second-

phase particles nucleate and grow from a parent phase [25, 77]. This reaction can be 

found in many materials, such as Cu-Zn, Al-Mg and steels, during different processes 

including aging, annealing and tempering etc.  

3.1 Stages of precipitation evolution  

Precipitation often occurs when the concentration of interstitial and substitutional 

elements exceed their solubility in an alloying system. In the precipitation reaction, the 

driving force is provided by the chemical potential gradient, which is directly 

proportional to the composition difference in the initial and the equilibrium state. In 

addition to the dependence on the chemical composition and temperature, the 

precipitation process is also strongly affected by duration time, which is called kinetics 

[25, 78]. Due to the kinetics of precipitation, a precipitation reaction has its own 

nucleation sequence [25, 76-78].  

The evolution (includes spatial and temporal) of the precipitation during treatment is 

determined by the composition, tempering parameters and initial microstructure of the 

parent phase [25, 49, 79]. The precipitation process can be divided in three stages, i.e., 

nucleation, growth and coarsening, in principle [25]. In Fig. 3.1, a schematic of the 

precipitation process is presented. It is worth mentioning that, in reality, prior to the 

precipitation, the supersaturated atoms are not homogeneously distributed in the bulk 

alloy, they may segregate at the place where plenty of defects (dislocations and 

boundaries in martensitic steels) are present [56, 57, 67]. 
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Fig.3.1 Schematic of the precipitation progress. 

(a) random solution; (b) equilibrated solution; (c) nucleation-growth; (d) growth and 

coarsening; (e-f) coarsening. Images are from [25]. 

In the nucleation stage of precipitation, the spatial fluctuation of the phase structure and 

concentration is developed within a supersaturated metastable alloy. From the modelling 

perspective, when a spherical nucleus is formed, the change in Gibbs free energy is given 

by the following terms [25, 48-50, 77]: 

3 24
( ) ( ) 4 ( )

3

i i

v stG r G G r                                 (3.1) 

where ir  is the radius of the spherical embryo, vG  is the chemical free energy change 

per unit volume of embryo, stG is the strain energy per unit volume of embryo due to 

misfit between the nuclei and matrix, and   is the interfacial energy between the nuclei 

and matrix. The first term in Eq.3.1 is the specific volume free energy change, while the 
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second term is the energy needed to form a unit area of precipitate-matrix phase interface. 

The change of G  is dependent on the two opposite contributions from the two terms in 

Eq.3.1. Thus, there will be a maximum G at a critical radius *r . In the case with a 

maximum G , the G  decreases with increasing size only above a critical radius *r . 

The critical radius and critical energy for the nucleus can be written as follows [25, 48-50, 

77]: 

* 2
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The critical nucleation energy 
*G is the key parameter for evaluating the steady 

nucleation rate in solid materials. The nucleation process is always considered as a 

“stochastic” process since it occurs with a certain probability. Therefore, the nucleation 

rate should always be treated in a statistical framework, it is meaningless to say whether a 

single nucleus will appear exactly at a certain situation [77]. 

When a nucleus has reached a supercritical size (r > *r ), the nucleus grows in nature 

through adsorption of additional precipitate-forming atoms-the atoms prefer to bond 

together and form a more stable phase as it proceeds to the growth stage. Whereas it may 

be dissolved when the nucleus is smaller than a critical size (r < *r ).  

During the growth of nucleated precipitates, the concentration of supersaturated atoms in 

the matrix will decrease, and which in the precipitate will approach to the equilibrium 

condition. Generally, the growth stage continues until the equilibrium fraction of the new 

precipitated phases has been reached, where an energetic equilibrium has been achieved 

between the amount of alloying elements in the precipitates and in the matrix. Thereafter, 

the coarsening of precipitates commences where larger particles grow and smaller 

particles dissolve. The coarsening process is also called Ostwald ripening [80-81], which 
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is driven by curvature-induced pressure as referred to as the Gibbs-Thomson effect [25, 

47, 80, 81].  

Fig. 3.2 gives the parameters, including mean size, volume fraction and nucleation sites 

of precipitation at these three stages. The experimental information, such as the 

correlation between the mean size of precipitation and tempering time, indicates the 

controlling mechanism at different stages of precipitation [3]. 

  

Fig. 3.2 Evolution of precipitation parameters: (a) mean radius/critical radius and (b) 

number density/nucleation rate. Images are from [77]. 

The three above-mentioned stages of precipitation often overlap each other [84]. Thus, in 

many recently developed models the precipitation process is considered as a concurrent 

process, i.e., the transition between each stage is captured automatically [49].  

3.2 Types of precipitates in steels  

Precipitates in steels could be intermetallic phases, oxides, sulphides, nitrides and 

carbides, etc. [83]. In the present work, carbide precipitation is exclusively dealt with 

considering their strong relationship with the mechanical properties in Fe-C-Cr alloys.  

Over the past few decades, considerable research has been devoted to characterizing the 

precipitation during tempering of steels including identification and quantification using 

various sophisticated experimental methodologies [76, 84-87]. Cementite (Fe3C) often 
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forms during tempering in plain carbon steels. While in alloyed steels, several types of 

precipitates, such as MC, M2C, M3C, M7C3, M23C6 and M6C, may precipitate during 

tempering.  

Several classical types of precipitates in Fe-C-Cr alloys are listed in Table 3.1. The lattice 

parameters given in Table.3.1 all represent for precipitates with the exact composition. It 

can be seen clearly from Table.3.1 that the crystal structure and compositions differ 

considerably between different types of carbides. The chemical composition of 

precipitates always approaches the equilibrium value with the tempering time prolonged, 

and this can result in variation in the structure parameters of precipitates due to 

differences between each type element in the lattice parameter. Thus, changing of the 

structure parameters of precipitates can indicate variations in the chemical composition 

during the precipitation process.  

Table 3.1 Typical carbon precipitates in Fe-C-Cr alloys [83]. 

Carbide Crystal system Fe or M/C ratio 

ε Hexagonal 

a=2.735 

c =4.339Å  

2.4-3.0 

η Orthorhombic 

a=4.704 b=4.318  

c =2.830Å 

2 

MC Faceted cubic 

a=2.830Å 

1 

Fe3C Orthorhombic Pnma 

a=4.525 b=5.087  

c =6.743Å 

3 

M23C6 Cubic F Fm-3m 

a =10.621Å 

23/6 

M7C3 Orthorhombic Pnma 

a=4.526 b=7.010  

c =12.142Å 

7/3 
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3.3 Precipitation in martensitic steels 

Precipitation in tempered martensite occurs in various forms. The precipitation in 

martensite may go through the following steps: segregation of carbon atoms to 

dislocations and boundaries, rearrangement and clustering of carbon atoms, formation of 

transient carbides and decomposition of retained austenite (if there is any), formation and 

coarsening of more stable carbides at the expense of transient carbides.  

Unlike in recrystallized polygonal ferrite or austenite, the martensitic microstructure has 

an extraordinarily complex environment for the precipitation, especially for the 

nucleation and growth stages. First, as it has a heterogeneous composition and 

microstructure in the as-quenched martensite due to the phase transformation sequence 

[67-68], segregation of atoms can occur at dislocations and boundaries. Second, the 

hierarchical martensitic microstructure could lead to multiple nucleation sites. Comparing 

with the precipitation in other low temperature microstructure, for instance precipitation 

in banite, the supersaturation and dislocation density in martenstie are often higher than 

these in bainites. Furthermore, the interplay of the precipitation and supersaturated matrix 

phase in martensite during tempering also influences the precipitation reaction. Fig. 3.3 

shows the precipitates in martensitic Fe-C-Cr alloys after being tempered at 700 °C for 5 

s. The size and shape of precipitates vary a lot due to the initial martensitic structures and 

composition. 
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Fig. 3.3 Precipitates in martensitic Fe-C-Cr alloys during tempering  

(a) Fe-0.15C-1.0Cr alloy; (b) Fe-1C-1Cr alloy, austenitizing at 1100 °C, followed by 

quenching in brine and tempering at 700 °C for 5 s. 

In martensitic steels, the boundaries between two neighbor grains or crystallites are 

usually categorized into low-angle grain boundaries (LAGBs) and high-angle grain 

boundaries (HAGBs) by setting a criterion misorientation angle, 10 to 15
o 

[55, 70]. Each 

type of boundary has its own features, for example, HAGB has a higher energy in general 

than a LAGB. Hence, a low nucleation barrier energy is needed to overcome this in order 

to form the nucleus [25, 88]. This is one probable reason that the precipitates always 

prefer to nucleate at HAGBs. Fig. 3.4 shows TEM bright field images for the precipitates 

in a Fe-0.15C-4.0Cr alloy after tempering at 700°C for 30 min. It is clear that the 

precipitates form at lath boundaries as well as inside laths. Meanwhile, different sizes of 

precipitates can be recognized between ones formed at boundaries and those formed at 

intra-lath.  

(a) (b) 
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Fig.3.4 Precipitates form inside of laths: matrix and dislocations (a) and at boundary (b) 

in a martensitic Fe-0.15C-4.0Cr alloy after tempering at 700 °C for 30min. Red arrows: 

dislocation and intra- lath, White arrows: precipitates at boundaries. Images are from [52]. 

Since growth and coarsening of precipitates are a diffusion-controlled process, the 

diffusion rate of each element becomes a key parameter for evaluating the evolution of 

precipitates in a certain alloy system. Fig. 3.5 shows the ratio of diffusivity of some 

elements between the grain boundaries or dislocations and the bulk. The ratio between 

bulk and heterogeneous diffusion paths shows that grain boundary and dislocation 

diffusion are several to tens of orders larger than that in bulk. At a typical tempering 

temperature for martensitic steels, the ratio of diffusivity at grain boundaries or 

dislocations to that of the bulk is at least 10
5
 to 10

9
. The ratio at low temperature, e.g., 

300 °C, reaches several tens order of magnitude, which indicates that in practice diffusion 

at low temperatures will occur only along the boundaries and dislocations. Thus, the 

influence of defects on the diffusivity of each element should be considered when 

modelling the precipitation in martensitic steels during tempering.  
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Fig. 3.5 Ratio between bulk and grain boundary (gb)/dislocation (disl) self-diffusion for 

Fe, Al, and Ni. Image is from [88]. 

Large size precipitates will still be at grain boundary in martensite after tempering. 

Fig.3.6 shows EBSD maps of the phase map and grain boundaries. Precipitates located at 

grain boundaries are the domain feature after tempering. Fig. 3.6 reveals that grain 

boundary is still important for the late growth and coarsening stage. Therefore, study of 

boundary distribution of martensite at both early and late stages of precipitation is 

necessary to understand the precipitation evolution during tempering.  
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Fig. 3.6 Precipitates at grain boundaries in Fe-1C-1Cr alloy after tempering at 700 
o
C for 

5000 h. Red: precipitates, blue: ferrite, black lines: boundaries with misorientation angle 

larger than 10
o
. 
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Chapter 4 Thermodynamic and Kinetic Modelling  

Thermodynamic and kinetic modelling have been used as very powerful tools for 

materials design and development [33, 53]. In this chapter, some aspects of this kind of 

modelling are briefly outlined. Special attention is paid to thermodynamic modelling 

(Thermo-Calc) [89] and kinetic modelling (TC-PRISMA and DICTRA) [90, 91], which 

have been used in the present work (see Papers I, II, IV and V) [37, 38, 51, 52].  

4.1 Aim of modelling  

The traditional way to design new advanced materials is based on metallurgical 

experience gained through numerous trial and error experiments. In some cases, a 

relatively long process time and the amount of cut-down materials for test will lead to a 

huge cost, e.g., a creep test may need ten years. On the other hand, extrapolation of the 

available experimental data to unknown regions, e.g., ultra-short term or long-term heat 

treatments, low temperature, is usually unreliable since the variation of physical 

parameters always varies with time.  

Thus, there is a need to reduce the empiricism and extensive testing by increasing 

understanding of the physical mechanisms from prior experience. The idea here is to 

predict e.g., the evolution of precipitates and the matrix phase during tempering of 

martensite, given the initial microstructure, composition and tempering conditions. 

Therefore, a reliable integrated model, which can potentially simulate both the evolution 

of the initial microstructure and its corresponding mechanical properties during 

tempering would be favorable in alloy development.  
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4.2 Thermo-Calc 

The Thermo-Calc software package (originally developed at the KTH Royal Institute of 

Technology in Stockholm) is commonly used for equilibrium calculation by many 

research institutes and industries. The equilibrium information for each phase at certain 

conditions (temperature, pressure, volume, chemical composition) can be illustrated in a 

phase diagram, where thermodynamically distinct phases coexist at equilibrium 

conditions [33, 92]. Fig. 4.1 shows two sections from phase diagrams for Fe-C-Cr alloys. 

The additional information e.g., fraction, constituents, is also available.  

   

Fig. 4.1 Phase diagram of Fe-C-Cr alloys with 0.15C (a) and 1.0C (mass%) (b), γ 

represents austenite; α represents ferrite, θ represents cementite. Software Thermo-Calc 

with TCFE9 database has been used.  

Not being limited to binary or ternary alloys, it is possible to extend the thermodynamic 

modelling to predict the phase behavior in multi-component materials based on the 

extrapolation of properties from their lower-order systems to higher-order systems [92]. 

This significantly extends its application field of modelling for designing real alloys since 

in practice one alloy often contains several components. Furthermore, valuable 

information for heat treatments can be obtained from the phase diagram, e.g., austenite 

temperature, tempering temperature to get the required phase. 
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4.3 Kinetic modelling  

To understand and model the materials behavior in conditions far from thermodynamic 

equilibrium, the kinetic model is developed to include fundamental models to critically 

assess the thermodynamic and kinetic data [90, 91]. DICTRA and TC-PRISMA are two 

software programmes used for simulating the precipitation behavior in, for example, 

martensitic steels during tempering [41-46]. In software DICTRA, several assumptions at 

the interface are implemented, e.g., the movement of a phase interface is controlled by 

the mass balance obtained from the fluxes of the diffusing elements across the interface, 

and local equilibrium is assumed at the moving interface [90, 92]. The details of the 

assumptions and concepts of modelling implemented in the present software can be found 

elsewhere [40, 41, 48, 92].  

Compared to TC-PRISMA, with DICTRA one can in practice only perform simulations 

with a limited number of particles, while TC-PRISMA enables quantitative modelling of 

thousands of particles in multicomponent systems and also treats all three stages of 

precipitation like a concurrent stage [48, 91]. Hence, DICTRA is quite suitable when 

studying the specific interface conditions, for example, composition versus distance to 

the interface under different growth model settings, such as PE or NPLE, and even in 

some case the size evolution (and volume fraction) agrees well with the experiments [50]. 

The results calculated by TC-PRISMA can be compared quantitatively with the 

experimental data, including particle size distribution [38]. Therefore, using a 

combination of mentioned software packages for simulation of the precipitation gives a 

better and more comprehensive understanding of the precipitation.  

4.4 Parameter selection for simulation 

In the present work, the thermodynamic and kinetic data required for the simulation work 

are taken from [89-91]: the TCFE7 and MOBFE2 databases were used for Papers I and II 

[37, 38], while TCFE8 and MOBFE3 databases were used for Papers IV and V [51, 52].  

Since the input parameters, such as the interfacial energy, dislocation density and grain 

size, have a strong influence on the simulation results, these parameters deserve special 
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attention in modelling in e.g., TC-PRISMA, see Fig. 4.2. The interfacial energy,  , has a 

cubic relationship with the nucleation and growth rates of precipitates, and is always 

calculated using physical models since it is difficult to measure directly [49]. To evaluate 

the interfacial energy, an extension of Becker’s model has been implemented in TC-

PRISMA, and the calculated value can be used in the modelling as a starting value for the 

interfacial energy. When setting up a simulation in TC-PRISMA a few candidate carbides 

are chosen, and the carbides formed during tempering are determined automatically.  

 

Fig. 4.2 Mean radii of M7C3 (a) and (b) of the alloy Fe-0.15C-4.0Cr tempered for 

different times, obtained from TC-PRISMA (solid lines) and experiments (symbols). 

Images are from [51]. 

The setting for the nucleation site type of precipitates could be obtained from the 

experimental observation, for example, the high density of dislocations is assumed to be 

the primary heterogeneous nucleation sites in martensite during tempering. Depending on 

the alloy system, the other nucleation site types e.g., bulk, grain boundaries and grain 
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corners, could also be used as nucleation sites. The supersaturated martensite is treated as 

a BCC structure in all the simulations.  

The growth and coarsening of M3C was simulated using DICTRA with a single cell 

system, composed of a martensitic matrix (BCC) and a M3C nucleus. Different 

assumptions at the moving interface are employed to simulate the growth stage of M3C 

under different interface conditions [20]. In the present work, only the elements Fe, Cr 

and C were considered to ensure the calculation could be handled in a reasonable time.  

For the growth stage, the radius of the cell can be calculated from the relationship 

between the volume fraction of M3C and the matrix cell size. Coarsening was simulated 

by setting the maximum size of the precipitate to 1.5 times the mean radius of all 

precipitates, according to the classical theory by Lifshitz, Slyozov and Wagner [80]. The 

composition of the nucleus was set e.g., to the same Cr/Fe ratio as for the matrix phase, 

depending on which type of growth mechanism was used. The matrix composition was 

equal to that of the substrate in accordance with the system and the start cell 

compositions. The increased pressure inside the precipitate due to its curved interface 

leads to an energy addition to the chemical potentials of all elements i.e., the Gibbs-

Thomson effect. The details of all settings can be found in Papers IV and V.  
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Chapter 5 Experimental Methodology  

In the present chapter, the experimental methodology used in this thesis is presented for 

microstructural characterization and identification and quantification of precipitates in the 

investigated Fe-C-Cr steels. Fig. 5.1 presents a schematic overview of the experimental 

procedures. 

 
 

 

Fig. 5.1 Schematic of the experimental procedures followed in this thesis. 
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5.1 Material preparation 

Since the Fe-C-Cr system forms the basic system for tool steels, four Fe-C-Cr steels with 

varying carbon and chromium contents were chosen as model alloys to investigate. In 

Table 5.1, the chemical compositions of the alloys studied in the present work are listed.  

 

Table 5.1 Chemical compositions of the investigated alloys (in mass%). 

       Alloy C Cr Si Mn S Al Fe 

Fe-0.15C-1.0Cr 0.14 0.98 0.02 0.07 0.06 0.01 Bal. 

Fe-0.15C-4.0Cr  0.16 4.05 0.02 0.08 0.05 0.02 Bal. 

Fe-1C-1Cr 0.95 1.06 0.02 0.07 0.09 0.03 Bal. 

Fe-1C-4Cr 0.88 4.12 0.03 0.08 0.05 0.02 Bal. 

 

Samples (10×10×1 mm) were prepared from the hot-rolled plate, which is thin enough to 

enable a sufficient cooling rate throughout the sample upon quenching. All the samples 

were austenitized at 1100 °C for 10 min in a calibrated Entech tube furnace, followed by 

quenching in brine to room temperature. Then, the as-quenched samples were tempered 

for up to 5000 h at different temperatures from 500 °C to 700 °C. Two different methods 

were employed to eliminate the influence of heating time, oxidation and decarburization 

during the tempering. The details of the heat treatments are listed in Table 5.2.  

Table 5.2 Experimental conditions and equipment used for heat treatment in the present 

study.  

Tempering time 5 s, 5min, 30 min 5 h, 100 h, 1000 h, 5000 h 

Methods Sn-Bi metal bath Vacuum-sealed quartz tube in Muffle furnace  

5.2 Light optical microscopy  

Light optical microscopy (LOM) has been widely used in material science research. In 

LOM, visible light acts as the source and a system of lenses work as a magnifier to 
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enlarge the images of small features [24]. Even though the resolution and depth-of-field 

are limited by the wavelength of visible light (around 500 nm) [24], LOM can often give 

an overview of the martensitic microstructure, see Fig. 2.5. 

5.3 Scanning electron microscopy  

Scanning electron microscopy (SEM) is an instrument frequently used to investigate a 

wide range of materials. Compared with LOM, SEM has advantages in spatial resolution 

and depth-of-field. The SEM with a field emission gun (FEG) can achieve a resolution 

better than 1 nm. Thus, SEM can be used to reveal very fine microstructural features in 

materials. In FEG SEM, a coherent electron beam is generated from the field emission 

source, then the beam will interact with atoms in the sample, emitting different types of 

signals. Fig. 5.2 shows the different types of signals originating from different interaction 

depths. Signals such as secondary electrons and backscattered electrons emitted from the 

surface of sample are acquired by specialized detectors and transformed into 

corresponding images based on the position of the beam in the scan area [24].  

 

Fig.5.2 Schematic illustration of the signals from different interaction depths [24].  

Electron micrographs are created by scanning the region of interest (ROI) in the sample 

with the electron beam and collecting the secondary electrons or backscattered electrons. 

The secondary electrons are emitted from outer shell electrons due to inelastic 

interactions between the primary electron beam and the sample. The secondary electrons 
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are generated from the surface or near-surface regions (5 to 50 nm depth) of the sample 

[24]. Thus, they give information about the topography of the sample surface scanned.  

On the other hand, the backscattered electrons are generated from the quasi-elastic 

interaction of the incident electrons beam with the nucleus of atoms in the sample. After 

being backscattered or reflected from the sample, the trajectory of the incoming beam 

electrons changes significantly. The production of backscattered electrons is proportional 

to its atomic number: the larger the atomic number, the larger the amount of 

backscattered electrons. Thus, the backscattered electron image is composition sensitive 

(image contrast). Furthermore, the contrast also depends on the crystal orientation, the 

BSE yield will be different for different crystal orientations due to the electron 

channelling effect. This is the basis of the electron channelling contrast imaging (ECCI) 

technique [93]. In our study, ECCI was applied to reveal crystal defects such as lath 

boundaries and for quantifying the width of laths in a large volume (see Fig. 5.3).  

 

Fig. 5.3 ECCI of typical microstructure in Fe-0.15C-4.0Cr alloy after austenitizing at 

1100 °C for 10 min, followed by quenching in brine to room temperature.  

5.4 Electron backscatter diffraction  

Electron backscatter diffraction (EBSD) in SEM is an accessory system widely used by 

material scientists for obtaining information on the crystallographic orientation of each 
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pixel in the scanned region of interest [24, 93]. In addition, this can provide other 

valuable quantitative microstructural information such as grain size, phase fraction and 

pixel-to-pixel misorientation. In a typical EBSD measurement set-up, the sample is tilted 

to 70
o
 from the horizontal position, which helps in obtaining sufficient backscattered 

electrons on the detector. Fig. 5.4 gives the typical settings and process of EBSD 

measurements. When the electron beam scans the tilted sample, some electrons may 

inelasticlly exit near to the Bragg angle and elastically diffract to form Kikuchi bands to 

produce diffraction pattern characteristic of the diffracting planes. These patterns are 

collected by an EBSD camera.  

 

Fig. 5.4 Illustration of setting up for EBSD measurement, Image is from [93]. 

The orientation information of individual pixels in the scanned area is analyzed based on 

the reference diffraction patterns simulated for the specific crystallographic phases. 

Artifacts originating from the sample preparation could affect the results and thus the 

analysis of EBSD patterns. Therefore, utmost care is necessary at all levels for successful 

EBSD analysis. The term “misorientation” represents the orientation difference between 

the pixels compared to a reference system, which is helpful in identifying grains and 

other features such as laths, blocks and packets in martensite. Thus, the size of units such 

as sub-/ block, packet, can be evaluated by assigning limiting misorientation angles to 

these specific boundaries. In addition, the misorientation angle distribution, which 

represents the orientation angle between any two adjacent pixels in the scanned area, can 
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also be obtained to understand how different units such as laths, blocks and packets 

evolve. 

The coupling of EBSD with BSE images provides an efficient approach for obtaining 

both a high-resolution image and crystallography for the microstructure. This technique 

has been successfully applied to the characterization of e.g., stacking faults, nanotwins 

and microbands [93]. In the present study, the interaction between the precipitates and 

migration of boundaries has been well characterized and described by this method, see 

Fig. 5.5.  

 

 

Fig. 5.5 Correlated EBSD-BSE images in (a), (a1) and (a2) for Fe-0.15C-4.0Cr alloy, and 

in (b), (b1) and (b2) for Fe-0.15C-1.0Cr alloy after being tempered for 30 min at 700 °C. 

Black lines in IPF maps (a) and (b) show the boundaries with misorientation > 5°. (a1, b1) 

and (a2, b2) are the areas marked in (a) and (b), respectively. Images are from [58]. 
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5.5 Transmission electron microscope  

Transmission electron microscopy (TEM) is based on the interaction between an 

energetic electron beam and an electron-transparent thin sample [24, 94]. Since the 

interaction volume between the transmitted electron beam and the sample is small, TEM 

provides a much higher spatial resolution than SEM. In particular, TEM is capable of 

imaging nano-sized structures such as dislocations and twins as well as conducting 

spectroscopy for composition analysis. Identifying the crystal structures and lattice 

parameters of various phases, crystallographic orientation relationships between adjacent 

grains or phases can also be performed using TEM diffraction.  

Two types of TEM samples, i.e., thin foil and carbon extraction replica, have been 

commonly used in steels to study the different microstructural features. Compared to the 

thin foil TEM samples, the carbon extraction replicas have several advantages in the 

characterization of fine precipitates in steels: (1) a distinct contrast between the 

precipitates and the background makes semi-automatic (even automatic) measurements 

of the size distribution possible; (2) elimination of all possible influences of the matrix 

phase during chemical composition analysis; (3) large thin area available for TEM 

examination and statistical analysis; (4) avoiding a magnetic specimen that interacts with 

the electron beam. Hence, the carbon extraction replicas were preferred for quantitative 

analysis of the precipitates.  

Information about the matrix phase and the relationship between the matrix and 

precipitate are lacking in the carbon extraction replica. For example, distribution of 

alloying elements at the interphase interfaces provides a proof of elemental diffusion 

during phase transformation. However, this type of information can help in understanding 

the precipitation reaction e.g., how the interface migrates at the early stage. Another 

important point to note is that some types of fine precipitate with low alloying elements 

might be lost during the carbon extraction replica preparation due to relatively faster 

dissolution compared to precipitates with high alloy content. Thus, thin foil TEM samples 

are also important for the precipitation study.  
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Selected area diffraction patterns (SADP) of the precipitate, in combination with its 

chemical composition analyzed by Energy-dispersive X-ray spectroscopy (EDXS), were 

used to identify the precipitates [95, 96]. Several similarly shaped particles were analyzed 

for each type of precipitate to ensure that the identification was correct. After the 

identification of the precipitates the particle size distribution (PSD) analysis was also 

performed using multiple TEM bright field images taken from the carbon replicas on 

copper grids. Automatic particle analysis was performed using the software Image J, and 

a considerable number (e.g., ~300) of precipitates were counted for each type of 

precipitate [52].  

The projected area of the particles was converted to radii (assuming a spherical shape). 

The mean radius mr  of the precipitate j can be expressed by the total area Aj and number 

of particles counted (n):  

1

1 n

m j jr A
n

                                                      (5.1) 

Based on the number of particles in each class, the PSD of each type of precipitate can be 

obtained.  

Thin foil TEM samples can be prepared by either dual-jet electro-polishing or dual beam 

focused ion beam (FIB) instrument. The TEM foils often exhibit thickness variations 

close to the precipitates, since the matrix-precipitate interface is chemically weak and the 

precipitates are normally resistant to chemical polishing. This difference is clearly seen at 

regions close to large precipitates greater than 100 nm. For a quantitative and 

comparative analysis of composition across different phases such as in line-scans, the 

thickness of region of interest in the TEM foil should be uniform and thus allow 

application of an EDXS absorption correction using the Cliff-Lorimer thin-film approach 

[97, 98]. Therefore, FIB was employed in the present study to prepare the TEM thin foil 

samples to study the composition at matrix-carbide interface, see Fig. 5.6. The sample 

thickness of the region of interest was analyzed by the electron energy loss spectroscopy 

(EELS) based on absolute thickness measurements using the log-ratio method and was 

confirmed to have variations within 10% in thickness.  
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Fig. 5.6 TEM-EDS results for a thin foil sample cut by FIB from a Fe-1C-1Cr alloy after 

tempering at 500 °C for 30 min. (a) Bright field TEM image; TEM-EDS map of 

elemental Cr (b) and Fe (c); Analysis of line scan profiles across the interface of the 

precipitate and matrix. 

5.6 X-ray diffraction 

The crystal structure of a material can be analyzed using X-ray diffraction. The X-ray 

diffraction is based on the interaction of incident X-rays and the irradiated sample. X-rays 

are generated by a sealed tube source and then are directed towards the sample. X-rays 

are scattered by the atoms in the sample. Since a crystal has periodic array of atoms, 

diffraction occurs from the scattered radiation. A constructive interference occurs when 

some of the scattered rays satisfy Bragg’s Law [24]:  
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2 sinn d                                                        (5.2) 

Thus, the Bragg’s law relates the wavelength (λ) of electromagnetic radiation to the 

diffraction angle (θ) and the lattice spacing (d) in a crystal.  

The lattice spacing between the crystal planes in a cubic crystal with a lattice parameter a 

is given by [24]:  

2 2 2
hkld

h k l




 
                                               (5.3) 

where h, k, l are the Miller indices of the crystal plane.  

When a single crystallite is irradiated by a monochromatic X-ray, constructive 

interference occurs at several defined diffraction angles, which is shown by the 

diffraction peaks against 2 θ in XRD patterns. 

If the crystal is strained, e.g., by an interstitial atom in BCC-ferrite, then the d space will 

be affected. According to Bragg’s law the position of the peak corresponding to the 

specific planes that are affected will shift. This provides an approach to evaluate the solid 

solution interstitial atom in an as-quenched martensite based on the assumption that the 

peak shift is only caused by the pre-expected elements [56-58]. The peak broadening, as 

shown in Fig.5.7, can be analyzed to evaluate the crystallite size and dislocation density 

[73]. 
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Fig. 5.7 (a) X-ray diffraction pattern of as-quenched Fe-0.15C-4.0Cr alloy, in which the 

211 peak was fitted using a pseudo-Voigt function (insert image); (b) X-ray diffraction 

peak 110 for the Fe-0.15C-4.0Cr alloy in as-quenched and 5s at 700 °C tempered 

condition. Image are from [58]. 

5.7 Electrolytic extraction  

The volume fraction together with mean radius of the precipitates will determine the 

effect of these precipitates on the bulk properties of the material, as mentioned earlier. 

Thus, quantitative analysis of the volume fraction of precipitates needs to be conducted. 

Electrolytic extraction (EE) is a method used to collect the residual phase (e.g., 

precipitates, inclusions) after the bulk of the sample has been dissolved in the electrolyte, 

which is based on the different dissolution resistance of phases in electrolyte [99], see Fig. 

5.8.  

The resistance towards the electrolyte depends on the alloys system and the studied 

object. A proper electrolyte is selected with a criterion that allows the matrix phase to 

dissolve as much as possible while the precipitates will be retained as much as possible. 

Since foreign contaminants can be introduced easily during the EE operation, careful 

cleaning of equipment and samples at each step is crucial for a successful EE experiment.  
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By utilizing techniques such as SEM, TEM and XRD, the particles collected from the 

electrolyte can be used to analysis the volume fraction, morphology and size of each type 

of precipitate [58, 95, 99].  

 

Fig. 5.8 Schematic of the Electrolytic Extraction (EE) process followed [99]. 
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Chapter 6 Summary of appended papers 

 

Paper I  

Microstructure of martensite in Fe-C-Cr and its implications for modelling of 

carbide precipitation during tempering 

In this work the microstructure of as-quenched martensite in the four model alloys 

(0.15C-1Cr, 0.15C-4Cr, 1C-1Cr, 1C-4Cr) was investigated using a combined set of 

microscopy tools. Thereafter, the microstructural parameters of martensite served as input 

for carbide precipitation modelling during tempering of martensite. The predicted 

modelling was conducted using Langer-Schwartz theory combined with the Kampmann-

Wagner-Numerical (KWN) method, as implemented in the TC-PRISMA software. It was 

found that the lath martensite dominates the as-quenched microstructure in both low 

carbon steels. On the other hand, the as-quenched martensite in the high carbon steels is 

predominantly plate martensite with planar defects. . The ratio of high-angle to low-angle 

grain boundaries was found to increase with increasing Cr, which indicates that Cr has a 

similar effect on lath martensite microstructure as C. The parameters input such as 

dislocation density and grain size have a drastic effect on e.g., the mean size of 

precipitates.  

 

Paper II   

Quantitative modeling and experimental verification of carbide precipitation in a 

martensitic Fe-0.16 wt%C- 4.0 wt%Cr alloy  

In this work, a martensitic Fe-0.16 wt.% C- 4.0 wt.% Cr alloy was tempered at 700 °C for 

up to 1000 h. Precipitation of carbides during tempering was investigated by 

experimental analysis and quantitative modelling. It was found that both M7C3 and M23C6 

were formed at various grain boundaries and at dislocations inside individual laths of 
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martensite during tempering at 700°C. The prediction using Kampmann-Wagner 

modelling and TC-PRISMA software captures the main features of the carbide 

precipitation with M7C3 as the stable carbide and with a transient metastable phase of 

M23C6. The predicted size and volume fraction evolution are in good agreement with the 

experiments for the M7C3, but underestimates the size and overestimates the volume 

fraction of minority precipitate M23C6. It is concluded that with sound thermodynamic 

databank and physical parameter input, the simplified modelling scheme is a useful tool 

in the design and optimization of materials.  

 

Paper III  

Microstructure evolution during tempering of martensitic Fe-C-Cr alloys at 700 °C 

The microstructure evolution of two martensitic Fe-C-Cr alloys (Fe-0.15C-1/4 Cr) during 

tempering at 700°C has been investigated. The microstructural parameters of martensite 

in both as-quenched and tempered conditions were quantitatively analyzed by using 

combined X-ray diffraction, transmission electron microscopy, electron channelling 

contrast imaging and electron backscatter diffraction. The findings shown that the high 

dislocation density of the as-quenched martensite decreased rapidly during the initial 5 

seconds – tempering, but a further significant dislocation reduction was not observed 

after continued tempering for a long time. A clear difference in high-angle boundaries 

(HABs) was distinguished between the two alloys during tempering. The main reason for 

the different coarsening rates of HABs is the different pinning effect of carbide 

precipitates by the formed and coarsened carbides, i.e., fast coarsened M3C in the low Cr 

steel and slow coarsened M7C3 in the high Cr steel during tempering. 

 

Paper IV  

Early stages of cementite precipitation during tempering of 1C-1Cr martensitic steel 

In this work, the early stage of cementite (M3C) precipitation from the as-quenched 

martensite during tempering at 500 and 700 ºC was investigated in a Fe-1C-1Cr (mass %) 

alloy. At 500 ºC, no Cr enrichment was found through the M3C/matrix interface and 

inside the M3C after 5 minutes–tempering, while after further tempering to 30 minutes a 

clear enrichment of Cr at the shell surface region was observed. At 700 ºC, after 



Chapter 6 Summary of appended papers  

 

- 42 - 

 

tempering for 5 seconds the core region of M3C exhibited a Cr/Fe ratio equal to the bulk 

alloy concentration, and a shell surface region existed with a higher Cr concentration but 

which is still lower than the equilibrium value of M3C. The experimental findings were 

further evaluated by modelling. It is clear that the diffusion simulation software DICTRA 

and precipitation simulation software TC-PRISMA captured neither the nucleation stage 

(TC-PRISMA) nor the growth phase (DICTRA and TC-PRISMA) during precipitation of 

M3C. Based on these observations, the early stages of M3C precipitation is discussed and 

further development of the precipitation modelling is suggested. 

 

Paper V 

Coarsening of cementite during tempering of a martensitic steel  

In this study, the coarsening behavior of M3C in a martensitic Fe-1C-1Cr (mass%) alloy 

during tempering at 700 °C was investigated by both experiments and kinetic 

precipitation modelling. The experiment results show that the large M3C carbides are 

mostly located at grain boundaries. The size evolution of M3C was agreed well with the 

experiments after the grain boundary diffusion effect was taken into the coarsening model. 

However, a log-normal distribution for the particle size distribution of M3C was observed 

throughout the whole tempering process. This indicates that a classical steady-state 

coarsening theory is not fully adequate for practical purposes in the tempering of 

martensitic steels. 
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Chapter 7 Concluding remarks and future work  

The efforts of the present thesis have been dedicated to increasing the knowledge of  

precipitation in martensitic Fe-C-Cr steels, which could aid the possibility of modelling 

the precipitation in martensitic steels. Martensitic steel is one of the most important types 

of steels and the precipitation evolution together with microstructure change during 

tempering is important to understand. In the present thesis, some important aspects of the 

precipitation have been discussed based on experiments and precipitation kinetic 

modelling. Through the systematic investigation on the precipitation of martensitic Fe-C-

Cr steels, several conclusions can be drawn: 

 

 In low carbon Fe-C-Cr alloys, the as-quenched martensitic microstructure becomes 

finer with increasing Cr content from 1.0 to 4.0 mass %. The ratio of high-angle to 

low-angle grain boundaries is found to increase with increasing Cr, which indicates 

that Cr has a similar effect on lath martensite microstructure as C. However, Cr 

addition only shows a negligible influence on the micro-hardness. 

 During tempering at 700°C, faceted M7C3 and elongated M23C6 are nucleated at 

various boundaries and within the lath of maternsite in the Fe-0.15C-4.0Cr alloy. The 

adopted model taking the static tie-line across the bulk composition underestimates 

significantly the mean size of predominant carbides M7C3. The formed M7C3 grow 

under the NPLE condition and this is the reason for the deviation of the predicted 

result for carbide M7C3 compared to experiments from carbon extraction replicas at 

the initial beginning stage of precipitation.  

 In two Fe-0.15 C-(1.0, 4.0) Cr alloys, high dislocation density of the as-quenched 

martensite reduces rapidly during the initial 5 seconds tempering at 700 °C, but a 

further significant reduction in the dislocation density of tempered martensite was not 

found during the following few minutes of tempering. The martensitic 
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microstructures containing both coarse and fine lath coarsen slowly. While, a clear 

distinction between these two alloys was found regarding the mobility of units (high-

angle) boundaries. The precipitate coarsening with a high/low rate pose little/effective 

hindrance for coarsening of the units, and thus this is the main reason for the 

microstructural difference during tempering.  

 In a Fe-1.0C-1.0Cr (mass%) alloy, Cr enrichment at the interface zone between M3C 

and the matrix occurred, while the Cr/Fe ratio inside M3C is equal to the bulk Cr/Fe 

ratio after tempering at 700°C for 5 seconds. After tempering at 500 °C, an apparent 

enrichment of the Cr at M3C/matrix interface was first observed after 30 minutes. 

Neither nucleation nor growth of M3C can be captured very well by the simulation 

programmes (TC-PRISMA and DICTRA) used, and it is suggested that the nucleation 

model in TC-PRISMA is modified with respect to the allowed nucleus composition. 

 In the long-tempered Fe-1.0C-1.0Cr (mass%) alloy, M3C precipitates are located at 

the boundaries during the coarsening stage. The predicted size evolution of M3C 

shows a good agreement with the experiments after grain boundary enhanced 

diffusion is taken into the coarsening model. The particle size distribution of M3C, 

which maintains a log-normal distribution during the whole coarsening process, is 

discussed in terms of the prediction with the classical steady-state coarsening theory. 

In order to fully understand and model the precipitation behavior in martensitic Fe-C-Cr 

alloys during tempering, a number of future challenges should be addressed: 

 In the present work, the as-quenched microstructure has shown an effective influence 

on the precipitation during tempering. Since the martensitic microstructure is both 

chemical composition and process dependent, the microstructure of martensite 

formed under different conditions, e.g., varying cooling medium, may also vary 

considerably and thus affect the precipitation during the following tempering. 

However, the present work only considers the effect of chemical composition on the 

microstructure. Hence, a symmetric study on the as-quenched martensite formed at 

different conditions is important to understand the effect of microstructure on the 
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precipitation in a specific alloy during tempering. This information could help to 

model the precipitation in commercial martensitic steels.  

 In the present work, a discrepancy has been found between the experimental and 

predicted results for the precipitation of the M7C3 in Fe-0.15C-4.0Cr (mass%) alloy at 

the early stage. The primary proposed explanation is that the growth of precipitates is 

under a NPLE mechanism, in which the fast diffusion of carbon controls the interface 

movement. However, solid evidence for this, which could be the distribution of 

chemical composition at the interface of precipitates-matrix phase and within the 

precipitate, is still lacking. Thus, an analysis of short-term tempered samples by 

advanced experimental methods e.g., Atom-probe tomography (APT) and HRTEM, 

could shed some light on the governing condition at the carbide/matrix phase 

interface: PE, NPLE, PLE or something else.  

 In the present work, the effect of grain boundary diffusion on coarsening of 

precipitation has been quantitatively studied for the first time in a martensitic Fe–

1.0C–1.0Cr (mass%) alloy during tempering. To gain an even better quantitative 

understanding of the contribution of grain boundaries on the precipitation, the 

precipitation in the martensitic steels with varying grain size should be pursed. This 

could help to improve the coarsening modelling and design of materials with specific 

grain size or types of grain boundaries to tailor the mechanical properties of 

martensitic steels. 

 In the present thesis, the microstructural evolution of two low carbon steels during 

tempering has been well characterized. However, the mechanical properties for both 

steels are lacking. Thus, the mechanical properties should be further investigated by 

e.g., nano-indentation and tensile tests. This could hint e.g., how the changing 

microstructure of martensitic steels during tempering is related to its mechanical 

properties, and which factors would contribute to the hardness or strength.  

 In the present work, the characterization of the as-quenched and tempered martensitic 

microstructure, which served as input parameters for the modelling, is based on 2-D 

sections by TEM, EBSD or SEM. However, the hierarchical martensite may not be 

represented very well by the 2-D sections parameters due to a sectioning effect, which 

could influence the modelling results directly. Thus, a more scientific approach needs 
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to be developed to reveal the full features of martensite, for instance, 3-D re-

constructed maps by EBSD. This could provide a way to present the plate- and lath-

shaped martensite, and thus to improve the modelling results. 
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