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Abstract 

High Pressure Die Casting (HPDC) has very high demands on toughness and tempering 

resistance of the tool. A typical hardening cycle for this purpose consists on austenitizing and 

quenching in a vacuum furnace followed by three temperings at 600°C. In this work the 

possibility of optimizing the toughness and tempering resistance in Uddeholm Dievar by 

adding an extra tempering at the beginning and/or the end of the tempering process is 

investigated. Extra temperings were performed at 300-400° and hardness levels, impact 

toughness and tempering resistance were evaluated. Microstructural investigations as well as 

thermodynamical calculations were also carried out. Results showed no feasible differences 

between the results of the here conducted tests and those from the common tempering 

procedures. 

Keywords: Tool steel, heat treatment, secondary carbides, impact toughness, tempering 

resistance.   
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1 INTRODUCTION 
Steel is one of the most common construction materials in the world. It is found either as the 

finished product or as the tool used to shape that final product [1].  With its production site 

and research department located in Hagfors (Sweden), Uddeholms AB is the world leading 

manufacturer of tool steels, which are used to shape other materials. The tool steels produced 

by Uddeholms AB have a large variety of applications, including hot-work tool steels for high 

pressure die casting (HPDC), forging and extrusion of metals. Depending on the application 

and materials, the hot-work tool steel manufactured at Uddeholms AB can be used when the 

operating temperature is up to 600°C [2].  

1.1 Background 
Tools for hot-work applications are used to shape other materials at elevated temperatures. 

Hot-work tool steels used in such tools needs therefore to have high toughness and good 

tempering resistance. To obtain these properties, the steels are alloyed with different elements 

in order to achieve the typical hot-work tool steel microstructure with tempered martensite 

and alloy carbide precipitates [3] [4].  

One of the steels produced by Uddeholms AB is Uddeholm Dievar, a chromium-

molybdenum-vanadium alloyed hot-work tool steel with a high resistance to heat checking, 

gross cracking, hot wear and plastic deformation. It is characterized by good toughness, 

tempering resistance, hardenability and dimensional stability. These properties make the steel 

a good choice for the high demanding die casting, forging and extrusion industry [5]. 

At the research department at Uddeholms AB, it has been suggested that an extra low-

temperature tempering at the beginning and/or at the end of Dievar’s regular tempering 

process may increase the tempering resistance and/or the impact toughness of the steel. Since 

these properties are of great importance for hot-work tool steel, Uddeholms AB is highly 

interested in such an improvement. 

1.2 Purpose 
The purpose of this work is to explore the possibility of optimizing impact toughness and 

tempering resistance on Uddeholm Dievar by adding an extra low-temperature tempering at 

the beginning and/or in the end of the tempering process. In order to investigate how extra 

tempering cycles affect the impact toughness and tempering resistance of the steel, modified 

heat treatments followed by Charpy V-testing, hardness measurements and microstructural 

analyses as well as thermodynamical calculations will be performed. In addition, a literature 

study is performed in order to achieve underlying causes of the results.  

  



 

2 

 

2 THEORY 

2.1 Hot-Work Tool Steel 
Hot-work tool steels are used in applications such as hot forging, extrusion and metal die-

casting dies and the temperature at which the steels are operating is in the range 200-600°C. 

Since hot-work tool steels are repeatedly exposed to hot-working operations, it is important 

that they have high toughness and are resistant to tempering. For this purpose the typical heat 

treatment consists of austenitization and quenching followed by three tempering cycles [3].  

Typical microstructures of hot-work tool steels show tempered martensite with high 

dislocation density and alloy-carbide precipitates [4]. The steels have low carbon content, 

between 0.3 and 0.6 wt%, and the major alloying elements are strong carbide forming 

elements such as chromium, tungsten, molybdenum and vanadium. Therefore, the most 

common carbides present are V-rich MC-carbides (M stands for metal atom); Cr-rich M7C3- 

and M23C6-carbides; Mo- or W-rich M2C- and M6C-carbides. In addition, cementite (M3C) 

that mainly contains iron and may contain Mn, Cr and a small amount of W, V and Mo is 

present in the steels [6].  

Compared to carbon the carbide-forming elements diffuse slowly through the martensite 

lattice, leading to a fine dispersion of alloy carbide precipitates and retardation of the carbide 

coarsening during high temperature services. This helps to create a good toughness and 

tempering resistance [6]. Further description of how toughness and tempering resistance are 

affected by alloying carbides will be presented in section 2.5.  

2.2 Toughness and Charpy V-notch testing 
Toughness is the ability of a material to absorb energy up to fracture. The more energy a 

material is able absorb, the higher is the toughness. In order to be tough, a material must 

display both strength and ductility. For dynamic loading conditions, so called impact 

toughness can be assessed by using an impact test. One method is the Charpy V-notch test. In 

this test method, a bar with a square cross section and a machined V-shaped notch is used as a 

specimen. 

The specimen is supported in both ends and is broken by a single blow from a pendulum that 

strikes in the middle of the specimen on the unnotched side. The pendulum hammer is 

released from a position at a fixed height h. The specimen, which is positioned at the base, is 

hit by the pendulum and fractured. The pendulum continues to swing to a maximum height h’, 

that is lower than h. The energy absorption is then computed from the difference between h 

and h’, see Figure 1 [7] 
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Figure 1. Schematic picture of the impact testing pendulum hammer and the three-point load 

on the specimen [8].  

2.3 Thermodynamics and kinetics 
A system under a specific combination of temperature, pressure and composition is in 

equilibrium if its free energy is at minimum. Every system tends spontaneously to reach its 

thermodynamical equilibrium. The free energy is a function of the internal energy and entropy 

of a system and is commonly called Gibbs free energy 𝐺 [9] [7]. Phase equilibrium is referred 

to as the equilibrium in systems in which more than one phase may exist. Phase diagrams, 

sometimes also termed to as equilibrium diagrams, give information about the control of 

phases in a particular system. Often, especially in solids, the rate of approaching equilibrium 

is very slow, leading to that equilibrium is never fully completed. Such systems are said to be 

metastable, and a metastable state or microstructure may persist indefinitely [7]. In the iron-

carbon system, for instance, exist two phase diagrams: the equilibrium one, where graphite is 

represented, and the metastable one, where Fe3C (cementite) is considered despite the fact that 

it is a metastable phase. Metastable states are controlled by the same Gibbs energy function as 

the equilibrium states, but the Gibbs function of the slow phase does not operate [9].  

A phase transformation does not occur instantaneously. The transformation involves 

formation of small particles of the new phase and the process can be divided into two stages: 

nucleation and growth. Nucleation can occur either homogeneously or heterogeneously. For 

the homogeneous type, nuclei form directly from the parent phase, whereas heterogeneous 

nucleation starts at inhomogeneties in the matrix, such as interfaces, impurities, grain 

boundaries, dislocations and more. However, it is easier for nucleation to occur 

heterogeneously since the activation energy for nucleation ∆𝐺∗ is lower than that for the 

homogeneous nucleation. It is also easier for nuclei to form at surfaces and interfaces than on 

other sites on account of the even lower activation energy there. The lower activation energy 

entails that a much smaller undercooling ∆𝑇 is required [7].  
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When a nucleus has exceeded a critical size 𝑟∗ and become stable, the growth step starts. 

Nucleation will continue to occur at this stage, but not in regions that have already 

transformed [7]. Since the growing phase generally has a different chemical composition than 

the parent phase, the phase boundary cannot move faster than the composition changes. The 

growing rate is therefore diffusion controlled [9]. Also, the rate with which a phase dissolves 

depends on the diffusion [10].  

The velocity with which diffusion-controlled reactions proceed is dependent on the rate at 

which the atoms can diffuse through a solid matrix. Diffusion is driven by decrease in Gibbs 

energy or chemical potential difference, and it stops when the chemical potential of all species 

is the same everywhere. The diffusion in solids can occur either interstitial or substitutional. 

In steady state systems, the diffusive flow in three dimensions can be described by Fick’s first 

law, see Equation 1. 

𝐽 = −𝐷𝑖𝑖∇𝑐𝑖      (1) 

where J is the flux, i.e. the number of atoms diffusion through an area of solid per unit of 

time, c is the concentration and D is the diffusion coefficient. The diffusion coefficient is 

characteristic for every particular system and contains all the physics, see Equation 2.  

𝐷 = 𝐷0exp(−
𝑄

𝑅𝑇
)     (2) 

where D0 is a temperature-independent pre-exponential, Q is the activation energy for 

diffusion, R is the gas constant and T is the absolute temperature. 

In systems in which the concentration changes with time t, Fick’s second law, see Equation 3, 

must be applied [11].  

𝜕𝑐

𝜕𝑡
= 𝐷𝑖𝑖∇

2𝑐𝑖      (3) 

From Equation 3 it is apparent that the closer to equilibrium a system is, i.e. the smaller the 

concentration gradient is, the longer time will it take to further lower the concentration [11].   

Another important consideration of growth is the time dependence of the growing rate. For 

solid-state transformation the fraction of transformed phase y is a function of the time t 

according to the Avrami equation, see Equation 4: 

𝑦 = 1 − exp(−𝑘𝑡𝑛)     (4) 

where k and n are time-independent constants [7]. Also, there is a relationship between the 

diffusion coefficient and the distance d that a particle diffuses in the time interval τ according 

to Einstein–Smoluchowskis relation, see Equation 5 [12].  

𝐷 =
𝑑2

2𝜏
      (5) 

The growth is terminated when the system has reached equilibrium. If the phase has 

precipitated as particles, the particles contribute to an increase in the overall energy in the 
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system due to interfacial energy associated with the interfacial energy between particles and 

the matrix. Since the system wants to minimize the energy, the interfacial area decreases with 

time as the particles coarsen, i.e. become larger and fewer. This is the reason for carbide 

coarsening when the material is exposed at high temperatures. Also, sphereodising of particles 

contributes to diminish the interfacial area and therefore, the internal energy of the system 

[13].   

2.3.1 Thermo-Calc 

Thermo-Calc is a software for thermodynamic calculations in which the thermodynamic data 

is supplied in databases produced by experts using the CALPHAD technique. It is used 

worldwide in academia, government and industry in the aim of understanding and predicting 

thermodynamically properties in complex multicomponent alloys and non-metallic systems in 

regions without experimental information. It must be emphasized that in order for the 

predictions calculated by Thermo-Calc to be credible, equilibrium of the system must be 

obtained [14]. 

The CALPHAD technique, first established in 1969, includes the collection and assessment of 

all available experimental and theoretical information on phase equilibrium and 

thermochemical properties in a system. These properties are then described through the Gibbs 

free energy, applying mathematical models [14].   

2.4 Martensite Hardening 

2.4.1 Austenitization 

Austenitization is the term of the procedure when ferrous alloys are heated in such way that 

they undergo a complete phase transformation from ferrite into austenite. The material is 

heated to a selected austenitization temperature which is kept constant during a certain 

holding time [7]. For alloy steels, the austenitization can be described with the following 

reaction:  

𝛼 + 𝑐𝑎𝑟𝑏𝑖𝑑𝑒 → 𝛾  

where α represents the ferrite phase and γ represents the austenite phase.  

In alloy steel, primary carbides, which often are present in the matrix, can during 

austenitization control the austenite grain size. The finer the distributions of carbides and the 

larger the volume fraction of carbides, the more effective is the control of grain growth. With 

increasing austenitization temperature and/or increasing holding time, it becomes more likely 

that the retained alloy carbides dissolve into austenite, leading to that grain growth might 

occur. [6]. In moderately alloyed tool steel, it is generally the risk of grain growth that limits 

the austenitization temperature. An investigation on the steel grade Uddeholm Dievar showed 

that an increase in grain size can have a negative influence on the impact toughness of the 

steel [1]. That an increase in austenitization temperature may affect the impact toughness of 

Dievar negatively has also been detected [15]. 

The more carbide-forming elements, such as V, Mo and Cr contained in a steel, the faster the 

dissolution of carbides slows down. Therefore, it is not unusual that there are some 
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undissolved primary carbides remaining in alloyed steels after austenitization [16]. Alloying 

elements that are not tied up in carbides are in solution with austenite. This composition is of 

great importance since it sets the martensite transformation temperature Ms, the retained 

austenite content and the secondary hardening potential of the steel in the subsequent 

martensite formation and tempering process [6]. 

2.4.2 Formation of Martensite 

The formation of martensite in steel occurs when austenite is rapidly cooled (quenched). The 

cooling is so rapid that the carbon atoms have no time to diffuse out of the matrix, resulting in 

martensite being a nonequilibrium phase. The formation is a result of deformation of the 

austenite lattice, where there is a change in shape of the transformed region, consisting of a 

large shear and volume expansion. Therefore, martensite formation is often referred to as a 

diffusionless shear transformation. In order to minimize the strain energy due to the 

deformation, martensite forms as thin plates or laths [17]. Plate shaped martensite is formed 

by twinning in steels with higher carbon content while lath shaped martensite is dislocation-

rich and found in steels with lower carbon content. The limit between the two shapes of 

martensite in plain carbon steels is somewhere around 0.6 wt% carbon [9].  

The formation of martensite involves coordinated movement of atoms, which leads to the fact 

that the parent austenite and the martensite lattices will be related. This results in a 

reproducible orientation relationship between the lattices of the two different phases, and that 

the most densely packed planes in the austenite and martensite are parallel or almost parallel, 

see Figure 2 [17].  

 

Figure 2.  Schematic illustration of the relationship between austenite (γ) and martensite (α’) 

lattices [17]. 

Being a nonequilibrium phase, the martensite is not present in the iron-carbon diagram. 

Instead it is presented in both time-temperature-transformation diagrams (TTT-diagrams) and 

continuous cooling transformation diagrams (CCT-diagrams). An example of a CCT-diagram 

for an eutectoid iron-carbon alloy is presented in Figure 3 [7].   
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Figure 3. Example of a CCT-diagram for an eutectoid iron-carbon alloy steel. The dotted 

lines represents two different cooling curves at specific cooling rates. The formation of 

martensite starts at the Ms-line [7].  

As can be seen in Figure 3, the CCT-diagram reveals the eutectoid temperature A1, cooling 

curves at different cooling rates, the different phases to be expected and the martensite 

transformation temperature. The martensite transformation temperature, where the formation 

of martensite starts, is represented by a horizontal line named Ms. The fraction transformed 

martensite Vα depends on the undercooling below Ms, see Equation 6.  

1 − 𝑉𝛼 = exp(𝛽(𝑀𝑠 − 𝑇𝑞)  where 𝛽 ≈ −0,011   (6) 

where Tq is the temperature below Ms to which a sample is cooled. Some austenite remain 

untransformed after quenching, and this is referred to as retained austenite.  

The Ms-temperature is affected by both carbon content and amount of alloying elements and it 

can be calculated applying different formulae depending on the alloying content found in the 

steel. Equation 7 is an example for low-alloy carbon steel:  

𝑀𝑠 = 561 − 474𝐶 − 33𝑀𝑛 − 17𝑁𝑖 − 17𝐶𝑟 − 21𝑀𝑜  (7) 

The crystal structure of martensite depends on the amount of carbon. For alloys with low Ms-

temperature or high carbon concentration, the ferrite body-centered cubic (bcc) structure tends 

to change to a body-centered tetragonal (bct). The tetragonality of the martensite is measured 
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by the ratio between the axes c/a. This ratio increases with increasing carbon content 

according to Equation 8.  

𝑐

𝑎
= 1 + 0,045𝑤𝑡%𝐶     (8) 

Since there is no diffusion of carbon during the formation of martensite, the carbon atoms 

remain as interstitials in the martensitic structure and therefore constitute a supersaturated 

solid solution. This contributes to the fact that as-quenched martensite (with negligible auto-

tempering) is very hard and have negligible ductility. The hardness increases with increasing 

carbon content up to 0.6 wt%. The diffusionless transformation also leads to that the chemical 

composition of martensite is identical to that of the parent austenite phase. When heated to 

temperatures where diffusion is appreciable, the supersaturation will lead to a rearrangement 

of the carbon atoms: they will tend to form precipitates and the martensite will in consequence 

loose its tetragonality. This is the foundation of tempering [7] [17]. 

2.4.3 Retained Austenite 

Increasing amount of carbon and alloying elements will stabilize austenite, lowering the 

tendency to martensite formation. Such stabilization leads to a higher amount of retained 

austenite in the matrix after quenching. This can be seen in Equation 2 and 3 above, where it 

is apparent that higher amounts of alloying elements lower the Ms-temperature and increase 

the amount of retained austenite. The retained austenite implies a decrease of hardness in the 

hardened steel, which is greater for higher carbon content in the matrix [9].  The amount of 

retained austenite is also dependent on the austenitization temperature. As the temperature 

increases the amount of retained austenite may increase as alloying content of the austenite 

increases and also the grain size [10]. In tool steel, the retained austenite is primarily located 

as thin films between martensite laths [18]. It has been found that these austenite films can 

negatively influence the toughness of the steel [19]. The retained austenite does not remain 

stable during high-temperature tempering, which can lead to its decomposition into other 

phases [17].  

2.5 Tempering 

2.5.1 The ε-carbide 

In plain carbon steel containing 0.3-1 wt% C, tempered from room temperature up to 250°C, 

the ε-carbide precipitates as a result of the diffusion of carbon from the supersaturated 

martensite. This stage of tempering is often referred to as Stage I. [17]. The ε-carbide has a 

hexagonal closed-packed structure containing two Fe-atoms and with lattice parameters 

𝑎ℎ=2,752 Å and 𝑐ℎ=4,353 Å. The conventional cell with 𝑎 = √3𝑎ℎ and 𝑐 = 2𝑐ℎ has six Fe-

atoms and an average of 2-3 C-atoms to achieve the formula Fe2,4C [20]. The ε-carbides 

precipitate as narrow needles or rodlets and in the early stages of precipitation there is most 

likely a coherency between them and the matrix [6]. Deng et.al concluded that for a 0.2 wt% 

C-0.26wt% Si-0.72 wt% Cr-0,28 wt% Mo steel subjected to tempering between 170°C to 

230°C, the precipitated ε-carbides were small sized and needle-like up to 190°C while larger 

and rod-like at 230°C. The small needle-like ε-carbides gave a slightly increase in strength, 
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hardness and toughness. The rod-like ε-carbides, on the other hand, showed a decrease in 

hardness and toughness.  

The activation energy required to precipitate ε-carbides increases with increasing carbon 

content. This is due to that the reduction of the mobility of carbon atoms that the subsequent 

occupancy of interstitials that increasing carbon content entails [6].  

The ε-carbide disappears gradually when cementite starts to precipitate in the temperature 

range 200-350°C. It is the interfaces between the ε-carbides and the matrix that are the most 

likely sites for cementite to form. In alloy steels, certain elements, notably Si, can stabilize the 

ε-carbide, and therefore prevent the ε-carbides dissolution into cementite [17].  

2.5.2 Decomposition of Retained Austenite 

The behavior of retained austenite during tempering varies significantly for different steels 

and its decomposition has been investigated by several researchers [18, 21, 22, 23]. Generally, 

it is suggested that austenite in carbon steel decomposes in the temperature range 200-230°C 

into ferrite and cementite. This stage of tempering is referred to as Stage II [17]. The 

decomposition of retained austenite is similar to the original austenite transformation in the 

quenching process [24]. In tool steel, however, the decomposition of retained austenite needs 

higher temperatures, of at least 500°C, to occur. Tempering at temperatures as low as 200-

230°C will stabilize the austenite as carbon diffuses from the martensite into the austenite [10] 

Van Genderen et al [22] proposed, after experiments on FeC steel, that the decomposition of 

retained austenite occurs in two successive ways. In a first stage, in the last part of the 

precipitation of ε-carbides, the austenite starts to decompose into ferrite with simultaneously 

enrichment by carbon of the remaining austenite. The reason that cementite precipitation does 

not occur during this stage is because of its kinetic discouragement at such low temperatures. 

When the temperature then is increased above about 150°C, cementite can precipitate and the 

remaining retained austenite is decomposed into both cementite and ferrite.   

Results from an experiment made by Lerchbacher et al [23] on a Cr-Mo-V alloyed tool steel 

showed that alloy carbide precipitation induced reduction of carbon within the retained 

austenite, which preceded the decomposition of retained austenite into ferrite and cementite. 

They also found that alloy carbides formed in the retained austenite had higher amount of 

carbon than carbides formed in the matrix, indicating that alloy carbide transformation 

progresses faster in the retained austenite.  

In tool steel, retained austenite which has not decomposed during tempering is transformed to 

martensite on cooling from tempering. Therefore, such steels should be re-tempered in one or 

more tempering cycles in order to toughen the martensite. If the required hardness has been 

reached after the first tempering, the subsequent tempering cycles must be performed at lower 

temperatures so that the hardness is maintained [10].  

Lerchbacher et al [18] found that the direct decomposition into ferrite and cementite in tool 

steel could be eliminated by reducing the holding time during the first tempering cycle, 

making it possible for the austenite to transform completely into martensite during the 
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subsequent cooling. In the case with high quenching rates a shortened holding time led to an 

increase in the toughness of the steel. From this result it is evident that retained austenite left 

in the microstructure after hardening contributes to a reduction of the impact toughness when 

it decomposes into cementite and ferrite during tempering, making it undesirable in steels 

made for tool applications.  

2.5.3 Cementite 

Cementite, also known as iron carbide (Fe3C), is a metastable compound in steel. It has a 

orthorhombic structure with the lattice parameters 𝑎=4.52 Å, 𝑏=5.09 Å and 𝑐=6.74 Å [9]. 

Cementite is metastable, but due to its sluggish decomposition into graphite, it will remain as 

a compound indefinitely at room temperature. In order to decompose into graphite, heat 

treatment between 650 and 750°C for several years is required. Therefore, virtually all the 

carbon in steel will be as cementite instead of graphite [7].  

As previously mentioned, when tempering plain carbon steels, cementite can form from 

retained austenite in Stage II, i.e. in the temperature range 230-300°C. Here, cementite forms 

as plate-shaped crystals between martensite laths, which when interconnect with each other 

creates a net that can be responsible for tempered martensite embrittlement, i.e. a loss in 

ductility and toughness as the hardness decreases when tempering in the range 200-400°C 

[25]. Nevertheless, in highly alloyed steels, like tool steels, this effect appears at higher 

temperatures, usually above 550°C. Sometimes, the cementite forms with the same alloying 

content as the parent austenite phase, a product called paracementite. This happens under 

special conditions referred to as paraequilibrium, i.e. equilibrium for carbon but with the same 

proportions of the alloying elements to iron in the growing phase as the parent phase [26] 

Simultaneously with Stage II, another stage of tempering occurs between 250°C and A1 [25]. 

In this stage (Stage III), cementite can form directly from the martensite on intercrystalline 

sites. It can also form on the interface between ε-carbides and the matrix, which is the most 

likely site for precipitation at this stage. The cementite starts to form as thin films that 

gradually spheroidise and coarsen with increasing temperature. The spheroidisation of 

cementite starts somewhere between 300 and 400°C and is encouraged by the resulting 

decrease in surface energy. 

In order to achieve coarsening of cementite, vacancies are required. Coarsening takes place by 

dissolution of smaller particles and diffusion of their component elements through the matrix 

for further clustering around the larger particle to be coarsened [17].  

The hard cementite phase in steel contributes to a reinforcement of the ferrite matrix along the 

boundaries, and these boundaries obstruct dislocations during plastic deformation, i.e. gives 

the steel high strength but a lower toughness. If the size of the cementite particles increases, 

the amount of particles and subsequently the boundary area between cementite and the ferrite 

matrix decreases. The average distance between the cementite particles becomes therefore 

larger leading to softer but tougher steel [7]. In order to inhibit the growth of cementite, 

alloying elements can be added.  Addition of for example Si, Cr, Mo and W may cause the 

cementite to retain its structure as thin films at higher temperatures, either by entering the 

cementite particles or by segregation to interfaces between cementite and ferrite. Mesquita et 
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al [27] reported that the cementite formation during early tempering stages in hot-work tool 

steel is retarded with increasing Si content and that this retardation of cementite causes lower 

toughness due to relatively coarse Cr-carbides.  Also, since a number of alloying elements 

form carbides which are thermodynamically more stable than cementite, addition of alloying 

elements can lead to precipitation of secondary carbides, reducing the amount of cementite 

[17].  

2.5.4 Alloy Carbides 

The amount and types of carbides that form in steel depend on carbon content, alloy content 

and temperature of formation. The alloy carbides found in tool steels are M3C, M7C3, M23C6, 

M6C, M2C and MC. A list of type of carbides, their crystal lattice and some of their 

characteristics is presented in Table 1.  

Table 1. Characteristics and crystal lattice for alloy carbides found in tool steel [6, 28, 29]. 

Type of  

carbide 

 

Lattice 

 

Characteristics  

 

M3C 

 

 

M7C3 

 

Orthogonal 

 

 

Hexagonal 

 

Iron and Cr-rich. Are oval shaped and clustered together 

inside martensitic laths or in lath boundaries.  

 

Usually iron and Cr-rich, can dissolve Mn, V and Mo. 

Can only occur near cementite or on the ferrite/cementite 

interface. Resistant to dissolutions at higher temperatures.  

 

M23C6 

 

Face-centered cubic 

 

Present in high-Cr steels, usually as Cr23C6. The Cr can be 

replaced with Fe to yield carbides with W and Mo.  

 

M6C 

 

Face-centered cubic 

 

Iron and Mo-rich, but can contain some Cr, V and Co.  

 

M2C 

 

Hexagonal 

 

Mo-rich, but can dissolve a considerable amount of Cr 

and V. They are usually platelet or rod shaped.  

 

MC 

 

Face-centered cubic 

 

V-rich and have nanometer-sized dimensions,  

< 5 nm. Can dissolve quite high amounts of Cr. 

 

After the nucleation of carbides, growth occurs. It is the solubility of the alloying elements in 

the matrix and the chemical stability of the different phases that drive the growth of carbide 

precipitates. If the misfit between the crystal structures of the carbides and the steel matrix is 

small, the growth of such carbide will be accompanied by a larger decrease of the internal 

energy of the system. This favors the growth in the directions in which the misfit is small. 

When equilibrium between alloying elements precipitated and alloying elements still 

dissolved in the matrix is achieved, the growth stops [29]. 

2.5.4.1 Secondary Carbides 

At higher tempering temperatures, substitutional alloying elements are able to diffuse to a 

larger extent and enrich the ferrite matrix and the cementite. At even higher temperatures, 
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generally between 500-600°C, strong carbide forming elements, such as Cr, Mo, W, V and Ti, 

start to participate in the formation of secondary carbides, which replace the relatively coarse 

cementite causing a quite fine alloy carbide dispersion in the matrix [9].   

The secondary carbides nucleate heterogeneous in at least three ways [17]:  

1. In-situ nucleation on preexisting cementite. 

2. Separate nucleation within the matrix, usually on dislocations. 

3. At grain boundaries. 

The formation of secondary carbides is usually accompanied by an increase in strength, 

referred to as secondary hardening, due to precipitation hardening when the relatively coarse 

cementite particles are replaced by the fine alloy carbides [17]. When the equilibrium amount 

of carbide phase has precipitated, the larger carbides will continue to coarsen on expense of 

the smaller ones, leading to larger distance between the carbides and subsequent softening of 

the steel. This coarsening behavior is affected by the solubility of the carbides and the 

mobility of alloying elements. The lower the solubility and mobility, the slower the 

coarsening. It is also affected by the fact that the driving force for coarsening is minimizing 

the amount of carbide/ferrite interfaces which implies a decrease of energy in the system [29].  

In Uddeholm Dievar, Coll Ferrari et al [30] reported that the secondary carbides found after 

austenitization and subsequently tempering three times at 600°C was M3C, M2C and MC. It 

was also found that a higher austenitization temperature resulted in a higher amount of these 

carbides as more alloying elements were dissolved in the matrix. It was also shown that MC 

carbides were the most significant contribution to the material in order to resist softening 

during tempering.  

2.5.5 Tempering Resistance 

Tempering resistance, also referred to as the resistance to softening, is the ability of steel to 

maintain hardness at prolonged times at high temperatures. In hot-work tool steels, a stronger 

secondary hardening gives a higher tempering resistance [31]. According to Andersson [29], 

the tempering resistance of hot-work tool steel is given by nanometer sized MC- and M2C-

carbides. The stability of carbides is also an important matter for the increase in tempering 

resistance. 

There are different ways to evaluate the tempering resistance of steels. In order to compare 

tempering resistance between different steels, one can compare their tempering curves, i.e. 

tempering temperature versus obtained hardness [31]. The tempering resistance of a hot-work 

tool steel can also be characterized by using the tempering parameter TP, see Equation 8. The 

tempering parameter is used to combine the effect of time and temperature to describe the 

changes in hardness during tempering.  

𝑇𝑃 = 𝑇 ∙ (𝐶 + log 𝑡)     (8) 

where T is temperature in Kelvin, t is time in hours and C is a constant that is reported to be 

20 for tool steel [32].  
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A third way to characterize tempering resistance is to evaluate the hardness after being 

tempered at a specific temperature for different times, making it possible to compare for 

example different steel grades and heat treatments [29].  

2.6 Scanning Electron Microscopy  

A scanning electron microscope (SEM) is an instrument available for the examination and 

analysis of the microstructural characteristics of solid objects. SEMs have high resolution, in 

the range 1-5 nm, and a large length of depth, which gives a three dimensional appearance of 

a specimen. The microscope column of the SEM contains a filament, an electron gun, electron 

lenses, scans coils and electron detectors, see Figure 4. The whole column operates under 

vacuum, usually about 10
-4

 Pa [33].  

 

Figure 4. Schematic presentation of a SEM [33]. 

The electron gun aims to provide a stable beam of electrons of adjustable energy. It consists 

of a filament (serving as the cathode), a Wehlnet cylinder and an anode. There are three types 

of filaments: tungsten filament, LaB6 and single crystal tungsten. The most common 

commercial filament is the tungsten hairpin filament, an approximately 100 µm in diameter 

thick tungsten wire shaped as a hairpin. During operation, the filament is heated up to about 

2000-2700 K and then produces a beam of electrons through emission. The Wehlnet cylinder 

acts to focus the electron beam inside the gun and to control the amount of electron emission. 

The electron beam is accelerated from high negative potential at the filament to ground 

potential at the anode. The beam passes through electron lenses, which are mainly used to de-

magnify the beam. Two pairs of scan coils are then used to sweep the beam over the 

specimen. The electrons in the beam interacts with either elastic scattering by backscattered 

electrons (BSE) or inelastic scattering by secondary electrons (SE) with the electrons in the 

sample. Backscattered electrons have high energy and can give atomic number contrast, i.e. 

lighter color with higher atomic number. These are often used to identify and quantify 

carbides. The secondary electrons have lower energy and are therefore knocked out from the 
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surface at the sample, see Figure 5. The electrons knocked out from the sample are detected 

with a detector and an image is created [33].  

 

Figure 5. Schematic image of the interaction between electron beam and sample in SEM [34]. 
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3 METHOD 

3.1 Material 
The steel examined in this work was Uddeholm Dievar, which is a high performance Cr-Mo-

V-alloyed hot-work tool steel delivered in soft annealed condition to approximately 160 

hardness Brinell (HB). The chemical composition of Uddeholm Dievar is listed in Table 2 [5].  

Table 2. Chemical composition [wt%] for Uddeholm Dievar [5].  

Constituent 

[wt%] 

 

C 

 

Si 

 

Mn 

 

Cr 

 

Mo 

 

V 

 

Dievar 

 

0.35 

 

0.2 

 

0.5 

 

5.0 

 

2.3 

 

0.6 

 

 

From a slab with dimensions 305x127 mm, 45 Charpy V-specimens from the ST-direction 

and 45 Charpy V-specimens from the LT-direction were produced according to ASTM 399-

05, see Figure 6. N.B. that the V-notches in the Charpy V-specimens were made after the 

tempering heat treatments were finished. Also, 35 samples with the dimensions 15x15x11 mm 

(here referred to as RA-samples) were produced from the same slab. 

 

 

 

 

 

 

  a)    b) 

 

Figure 6. Schematic illustrations of a) the positions of the Charpy V-specimens relative to the 

rolling direction (marked as an arrow in the figure) and b) the dimensional details of the 

Charpy V-specimens [35]. In this work, only ST- and LT-specimens were produced.  

In order to get as equal conditions as possible for all specimens before tempering, they were 

austenitized together in a vacuum furnace manufactured by Schmetz with chamber 

dimensions 300x300x450 mm and overpressure of 6 bars. The selected austenitization 

temperature was 1015°C, the holding time 60 minutes and for the subsequent quenching, the 

cooling time between 800°C and 500°C, t800-500, was set to 100 s. These specific parameters 

were selected to achieve a martensitic structure with few primary carbides. The toughness 

might be affected by primary carbides larger than a critical size and thereby complicate the 

evaluation of the impact from the different tempering heat treatments on such property. The 
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selected parameters also aimed to control the austenite grain size so that the heat treated 

specimens could be related and compared to regular produced samples of Uddeholm Dievar.  

The as-quenched samples were tempered differently according to chapter 3.3.  

3.2 Thermo-Calc  

In this work, the Thermo-Calc version 3.1 for Windows and the database TCFE3 was used to 

perform four different calculations:  

1. Calculate the stable phases during austenitization at 1015°C in order to predict the 

presence of undissolved primary carbides.   

 

2. Calculate the chemical composition of the equilibrium austenite at 1015°C.  

 

3. Based on the calculated composition after austenitization, the mole fraction of stable 

phases with varying temperature was calculated in order to predict which phases might 

be expected after tempering and to see how different phases interact with each other. 

Note that the M6C-phase was removed from the calculation with purpose to see the 

M2C-phase, which is known to be the secondary phase in Uddeholm Dievar rather 

than M6C. 

 

4. Evaluate the stability of MC-carbides with varying Cr-content by calculating the 

temperature at which the MC-carbides dissolute when their Cr-content is varied in the 

range 1-5 wt%.  

In all calculations the pressure was set to 1 bar and the system size was set to 1 mole. 
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3.3 Tempering 
In order to explore the possibility of optimizing the tempering resistance and toughness of 

Uddeholm Dievar by adding extra low-temperature tempering cycles in the beginning and/or 

in the end of the regular tempering process, five heat treatments were performed, see Table 3.  

A prior 300°C tempering temperature was chosen with the aim of causing the precipitation of 

small cementite particles with a really fine distribution. This was expected to happen due to 

the reduced temperature allowing only a much sluggish diffusion of the C. Despite the fact 

that in such a low temperature substitutional elements are not able to diffuse, it is well known 

the fact that cementite can form using Cr as part of its metallic components [29]. The 

formation of Cr-containing cementite in this prior tempering process would therefore reduce 

the amount of available Cr for further formation of secondary carbides. This would on its turn, 

increase the stability of the produced MC carbides, and perhaps contribute this way to 

enhancing the tempering resistance. 

The purpose to test a final extra tempering at 400°C was to try to get a better toughness by 

spheroidisation of cementite particles as well as reduction of micro-stresses around them. 

 In this work, the regular tempering process is referred to as heat treatment number 2 (HT 2) 

in Table 3. Heat treatment number 1 (HT 1) was performed only in order to achieve a more 

thorough understanding of the microstructural changes during tempering of Uddeholm Dievar 

as it is one of the standard procedures used internally in the company for research purposes.   

Table 3. Listed temperatures in the different tempering cycles for the five different heat 

treatments performed on Uddeholm Dievar.  

Heat treatment  Tempering cycle  

 

x 1 2 3 4 

HT 1  600°C 600°C - - 

HT 2  600°C 600°C 600°C - 

HT 3 300°C 600°C 600°C 600°C - 

HT 4  600°C 600°C 600°C 400°C 

HT 5 300°C 600°C 600°C 600°C 400°C 

 

The holding time was set to 2 hours in each of the tempering cycles. In each of the five heat 

treatments, 9 Charpy V-specimens in the ST-direction, 9 Charpy V-specimens in the LT-

direction and 7 RA-samples were heat treated in muffle furnaces. Between each tempering 

cycle, the samples were air-cooled to room temperature 
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3.4 Hardness Measurements on Charpy V-specimens 
When the tempering heat treatments were finished, the hardness on each Charpy V-specimen 

in the LT-direction was measured using a Zwick Roell hardness tester calibrated according to 

the Rockwell C scale (HRC). The specimens were plane grounded 1 mm before hardness 

measurements were performed. On one half of the specimen, 4 indentations were made, see 

Figure 7. The indentations were placed approximately 5 mm from the edges, 4 mm apart and 

10 mm from the fracture surface.   

 

 

 

 

 

 

3.5 Charpy V-Impact Test 
The Charpy V-impact testing was performed on all the tempered Charpy V-specimens with a 

Roell Amsler RKP 150 in room temperature with an energy of 150 J, according to ISO 148-2 

2008. The results were recorded by the software Test Expert 2.  The specimens were carefully 

marked before the impact testing, and after the impact testing were each piece from the 

specimens collected and stored in plastic bags until further metallographic preparation and 

investigation. 

3.6 Tempering Resistance 

With the purpose to evaluate how the tempering resistance was affected by the different heat 

treatments, the RA-samples were after tempering heated to 600°C in a muffle furnace with 

different holding times set to 1, 5, 10, 30, 50, 100 and 300 hours. Hardness measurements 

were then performed in the same way as in section 3.4, but with indentations made according 

to Figure 8. The mean values were plotted against the holding time in order to evaluate the 

different tempering resistances. The indentations were placed approximately 3.5 mm from the 

edges and 4 mm apart.   

 

 

 

 

 

  

Figure 8.  Schematic figure of the position of the hardness indentations (black dots) 

on the RA-samples. 

Figure 7.  Schematic figure of the position of the hardness indentations (black dots) on 

the Charpy V-specimens. 
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3.7 Metallographic Investigation 

3.7.1 Metallographic Sample Preparation 

After the Charpy V-testing was performed, two impact test specimens from each tempering 

heat treatment, which had an impact toughness within one standard deviation of the mean 

impact toughness, were selected. Only specimens in the LT-direction were selected in order to 

narrow down the examination with SEM and also because the ST-specimens had an overall 

lower impact toughness for all tempering heat treatments (see results from the Charpy V-

testing in chapter 4.2). The selected specimens were cut approximately 20 mm from the edge 

opposite the fracture surface to expose a cross sectional area for further examinations with 

SEM. In order to avoid exposing the samples to significant heat exchange, a coolant was used 

during the cutting process.  

The cross sectional area of each cut sample was then ground with abrasive Al2O3-stones 

followed by fine grinding with diamond suspension (DiaP) with a particle size of 9 µm. 

Furthermore, the samples were polished with 3 and 1µm diamond suspension. In each step, 

except in the first grinding step, a lubricant consisting ethanol and glycerol was used 

additional to the diamond suspension. Between each grinding and polishing step the samples 

were carefully rinsed to ensure that abrasive particles were not to be transferred into the next 

step. After the last polishing step, the polished surfaces were swabbed with cotton dipped in 

soap and ethanol in order to get rid of remaining diamond suspension and lubricant.  All steps 

were made using an ATM Rubin 520. Complete summary of the grinding and polishing steps 

is presented in Table 4.   

Table 4. Grinding and polishing steps used in the metallographic preparation process.  

Type of 

reparation 

Type of 

grinding disc/ 

polishing cloth 

Suspension Time/reduction 

 of material 

Force/sample 

[N] 

Rinsing 

Grinding 

 

Al2O3-stones, 

120 Grid 

Water 0,25 mm ~16,7 Water + 

Ethanol 

 

Fine 

grinding 

 

MD-Allegro DiaP 9µm 5 min 20 Water + 

Ethanol 

Polishing 

 

MD-Plus DiaP 3µm 4 min 15,5 Ethanol 

Polishing MD-Nap DiaP 1µ 1,5 min ~6,7 Water + 

Ethanol 

 

In order to investigate the tempered microstructure with secondary electrons in the SEM, one 

polished sample from each tempering heat treatment was chemical etched. Adjacent to the last 

polishing step, these samples were etched in 2% Nital and Böhler Picral (consisting of 930 ml 

ethanol, 50 ml concentrated hydrochloric acid and 20 g picric acid) according to Table 5. 

Between each step, the samples were rinsed with water and ethanol. In order to control the 



 

20 

 

amount of etching, the time the samples spent in each etching reagent was measured with a 

stopwatch.  

Table 5. How long the samples were etched in different etching reagents.   

Etching step 

[#] 

Etching reagent Time 

[sec] 

1 2% Nital 10 

2 2% Nital 10 

3 Böhler Picral 3 

 

The remaining un-etched samples, one from each tempering heat treatment, were kept un-

etched with purpose to quantitative examine any undissolved primary carbides in the 

tempered microstructure by using backscattered electrons in the SEM.  

3.7.2 Scanning Electron Microscopy 

In this work a FEI QUANTA 600F FEG-SEM was used for microstructural analysis. The 

microstructures of the samples etched according to chapter 3.6.1 were investigated with 

secondary electrons (SE-mode) in the SEM. The quantity and dispersion of primary carbides 

were investigated on the un-etched samples using backscattered electrons (BSE-mode). The 

set parameters for both investigations are presented in Table 6, where the spot size is referred 

to the scale predefined in the microscope.  

Table 6. Parameters set during the investigation with SEM.  

Type of 

investigation 

WD  

[mm] 

Beam current  

[kV] 

Spot size 

SE-mode 6,8 10 3,5 

BSE-mode 10 20 4,7 

 
 

 
 

 

 



 

21 

 

4 RESULTS 

4.1 Thermo-Calc  
In this section the results from the Thermo-Calc calculations will be presented. The stable 

phases during austenitization at 1015°C can be seen in Figure 9, and the calculated chemical 

composition in the austenite after austenitization is presented in Table 6. Note that the line 

named FCC_A1#2 is the MC-phase.  

 

Figure 9. Stable phases at equilibrium during austenitization at 1015°C for Uddeholm 

Dievar. In this plot, FCC_A1#2 is the name for MC-carbides.  

  

Table 7.  Chemical composition in the austenite of Uddeholm Dievar after austenitization at 

1015°C, calculated with Thermo-Calc.  

Constituent 

[wt%] 

 

C 

 

Si 

 

Mn 

 

Cr 

 

Mo 

 

V 

Austenite after 

austenitization 

at 1015°C 

 

0.318 

 

0.2 

 

0.501 

 

5.001 

 

2.246 

 

0.475 
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Based on the calculated composition in the austenite after austenitization, the stable phases 

which can be expected when tempering after hardening is presented in Figure 10. The line 

named FCC_A1#2 is the MC-phase and the line named HCP_A3 is the M2C-phase. Also, 

note that this plot is a part of the total plot where also the ferrite phase is present.  

 

 

Figure 10. Stable phases at equilibrium which are expected when tempering Uddeholm 

Dievar in the range 400-700°C after austenitization at 1015°C and subsequent hardening. In 

this plot, FCC_A1#2 is the name for MC-carbides and HCP_A3#2 is the name for M2C-

phase. Also, note that this plot is a part of the total plot where also the ferrite phase is 

present. 
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Whether the MC-phase become more stable or not when the Cr-content in the MC-phase, Xm 

Cr, MC, is decreasing can be seen in Figure 11. 

 

Figure 11. Plot showing the stability of MC-carbides with varying Cr-content in the MC-

phase, Xm Cr, MC.  
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4.2 Hardness Measurements on Charpy V-specimens 
The hardness measurements made on the Charpy V-specimens after the different tempering 

heat treatments will be presented in this section. In figure 12, the mean value together with the 

highest and the lowest value on the hardness from each sample is plotted.  

 

Figure 12. Experimentally measured hardness [HRC] on the Charpy V-specimens taken from 

the LT-direction after tempering. The mean value is plotted together with the highest and the 

lowest value on the hardness.   
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4.3 Charpy V-Impact Test 
In this section the results from the Charpy V-impact testing will be presented. The mean value 

of the impact toughness for each tempering heat treatment is presented in diagrams within a 

95% confidence interval. The results from the LT-direction is presented in Figure 13 and the 

results from the ST-direction in Figure 14. All measured values can be found in Appendix 1.  

 

Figure 13. Shows the mean value within a 95% confidence interval of the experimentally 

measured impact toughness [J] in the LT-direction for HT 1- HT 5. 
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Figure 14. Shows the mean value within a 95% confidence interval of the experimentally 

measured impact toughness [J] in the LT-direction for HT 1- HT 5 
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4.4 Tempering Resistance 
The resulting tempering resistance at 600°C from all tempering heat treatments will be 

presented in this section. It will be presented in diagrams where the time spent at elevated 

temperature in muffle furnaces is on the x-axis and the measured hardness is on the y-axis, see 

Figure 17.  The difference between HT 1 and HT 2 will be presented separately in Figure 16. 

Note that it is the mean value of the hardness from each sample that is plotted against the 

holding time in Figure 18. All measured values can be found in Appendix 2.  

 

Figure 15. Experimentally measured tempering resistance at 600°C for HT 2, HT 3, HT 4 and 

HT 5.  
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Figure 16. Experimentally measured tempering resistance at 600°C for HT 1 and HT 2. 
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4.5 Metallographic Investigation  

4.5.1  Undissolved primary Carbides 

A representative image from the investigation with BSE-mode in the SEM is presented in 

Figure 19. The presented image is taken on the A1 sample, but the investigation in the SEM 

shows that the dispersion of primary carbides is the same in all samples.   

 

Figure 17. Representative image of the undissolved primary carbides (black and white dots) 

in the microstructure after tempering, taken by using BSE-mode in SEM. 
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4.5.2 Microstructure 

A representative image from the investigation with SE-mode in the SEM is presented in 

Figure 20. The presented image is taken on the HT 2 sample, but the investigation in the SEM 

shows equivalent microstructures of all samples. The microstructure contains tempered 

martensite with embedded M3C-precipitates (blue arrows). Secondary carbides can be 

discerned in the matrix as small white dots (e.g. within the yellow square).  

 

 

 

 

 

  

Figure 18. Representative image of the martensitic microstructure with M3C-precipitates (blue 

arrows) and secondary carbides (yellow square) after tempering, taken by using SE-mode in 

SEM. 
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5 DISCUSSION 

5.1   Thermo-Calc 
The calculated composition in the austenite after austenitization reveals that the undissolved 

V-rich carbides of MC-type also contain some Mo, but not any Cr. The calculated amount of 

carbon in the austenite is lower than that in the steel, corroborating the fact that there are 

undissolved carbides in the equilibrium.  

Thermo-Calc predicts that the stable phases, besides ferrite, at different tempering 

temperatures are M23C6, M2C and MC, see Figure 10. The existence of M23C6 can be 

explained by the fact that all the Cr has been dissolved in the matrix (5 wt%) while the 

amount of carbon is limited. The present amount of M2C diminishes towards higher 

temperatures and is not present any longer at temperatures above 625°C. On the other hand, 

the amount of MC-carbides tends to increase towards higher temperatures. All this suggests 

that the MC-carbides offer a higher stability when working at elevated temperatures.   

The growing stability of the MC-carbides with decreasing amount of Cr is evident from 

Figure 11.  

5.2 Hardness 
The hardness measured on the Charpy V-specimens after tempering was shown to be slightly 

higher for sample HT 1. This is only logical taking into consideration the fact that it had 

undergone only two temperings while HT 2 had undergone three.  

The differences in hardness in samples HT 2, HT 3, HT 4 and HT 5 are neglectible. This 

suggest that the first tempering cycle being carried out at 300°C does not contribute to the 

formation and/or preservation of a finer cementite distribution, as it was meant to be achieved. 

A finer dispersion should have contributed to a higher hardness as the average distance 

between particles decreases.  

5.3 Impact toughness 
In the LT-direction, the first low temperature tempering seems to be detrimental to the impact 

toughness (samples with corresponding heat treatments HT 3 and HT 5). Probably this is due 

to cementite precipitation. On the other hand, the last low temperature tempering at 400°C 

does not affect the toughness negatively in any case (samples with corresponding heat 

treatments HT 4 and HT 5). In some cases it implies a certain improvement while in some 

others it does not seem to affect the obtained values. Even though the results show a 

consistency through all nine specimens it must be emphasized that the differences are small 

and it is therefore rather difficult to conclude the effects from the extra low temperature 

temperings on the impact toughness.  

The impact toughness is over all lower in the ST-direction than in the LT-direction. This 

agrees with the internal experience at Uddeholms AB.  
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5.4 Tempering resistance 
There are no obvious differences in tempering resistance between the different samples. The 

aim of adding an extra low-temperature tempering at 300°C was to accumulate Cr to 

cementite and stabilize MC-carbides and thereby achieve a better tempering resistance. The 

results in this work, however, suggest that there is no improvement of tempering resistance 

and it can be assumed that an accumulation of Cr to cementite did not occur.  

5.5 Microstructure 
The investigation of the microstructures with SE-mode in the SEM reveals that the samples 

from all tempering heat treatments contain tempered martensite with alloy-carbide 

precipitates. Coll-Ferrari et al [30] reported that the martensite in Uddeholm Dievar after 

similar hardening and tempering as the ones performed here contained embedded M3C-

precipitates. Similar precipitates (marked with blue arrows in Figure 20) were found in the 

resulting microstructures in this work (most likely M3C-precipitates). Also, the t800-500 used in 

the current case should, according to the CCT-diagram for Uddeholm Dievar [5], not produce 

any bainite, which further suggest that the microstructure is tempered martensite containing 

M3C-precipitates.  

In addition to the M3C-precipitates, the tempered martensite appears to contain some smaller 

secondary carbides. These secondary carbides are so small that they can hardly be seen with 

the resolution provided by the SEM, but an attempt to visualize them is made inside the 

yellow square in Figure 20. Since they can hardly be seen, it is difficult to quantify and 

evaluate their morphology and composition. However, the secondary tempering carbides 

found in Uddeholm Dievar in [30] were MC and M2C and it is possible that these are the 

secondary carbides precipitated in this work. The microstructures need to be examined with a 

transmission electron microscope (TEM) in order to conclude the amount and types of such 

small carbides.  

The results from BSE-mode in the SEM show that the samples contain some amounts of 

undissolved primary carbides. Consistent with results in [30], the undissolved primary 

carbides in the microstructure are vanadium-rich carbides of MC-type (black dots in Figure 

19) and molybdenum-rich carbides of M6C-type (white dots in Figure 19). At an 

austenitization temperature of 1015°C, Thermo-Calc calculations predict the presence of 

undissolved MC-carbides only. Since the microstructure contains both MC- and M6C-carbides 

it is evident that the system has not fully reached equilibrium. It is also possible that the 

undissolved primary carbides could have affected the toughness behavior of the samples.  

The microstructural investigations by means of SEM reveal no differences in the 

microstructures between the different samples. This agrees with the results from the impact 

toughness-testing, the hardness measurements and the evaluated tempering resistances, all 

indicating negligible differences. 
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6 CONCLUSIONS 
Out of the performed experiments the following can be concluded:  

 The system has not reached equilibrium during the austenitization.  

 MC-carbides offer a higher stability when working at elevated temperatures. 

 The stability of MC-carbides grows with decreasing Cr-content.  

 None of the extra temperings imply a difference in the hardness levels nor in the 

tempering resistance.  

 The first low temperature tempering seems to be slightly detrimental to the impact 

toughness. 

 The last tempering process at 400°C is not detrimental to the impact toughness and in 

some cases it has proven to be slightly beneficial.  

 Differences in the microstructure are not appreciated by the means of SEM.  

7 FUTURE WORK 
Due to the fact that the last extra tempering at 400°C provided, in some cases, a slight 

improvement of the impact toughness, its effect after a prolonged holding time could be of 

interest. In addition, a systematic study of different tempering temperatures and holding times 

in order to further evaluate the hypothesis of partitioning of chromium to cementite could be 

valuable.   
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Appendix 1 
In the following tables, all measures impact toughness values from the Charpy V-testing are 

presented.  

Table 8. Experimentally measured impact toughness in the LT-direction [J] for HT 1 – HT 5.  

Specimen Impact Toughness LT-direction [J] 

 [#] HT 1 HT 2 HT 3 HT 4 HT 5 

1 25,48 27,26 25,06 26,41 26,79 

2 25,94 27,65 25,1 27,22 26,83 

3 27,13 27,95 25,35 28,16 27,22 

4 27,52 28,08 25,82 28,25 27,43 

5 27,82 28,38 25,86 28,29 27,43 

6 27,95 28,47 26,32 28,51 27,52 

7 29,16 28,51 26,49 28,77 27,65 

8 29,73 28,9 26,58 29,46 27,78 

9 30,08 29,29 27,39 29,81 29,16 

 

  

Table 9. Experimentally measured impact toughness in the LT-direction [J] for HT 1 – HT 5. 

Specimen Impact Toughness ST-direction [J] 

 [#] HT 1 HT 2 HT 3 HT 4 HT 5 

1 22,58 24,64 18,05 21,8 22,37 

2 24,14 24,93 20,56 23,93 23,6 

3 24,27 25,35 22,94 24,97 23,85 

4 25,39 25,35 23,64 25,27 24,14 

5 26,71 25,48 24,35 25,27 24,18 

6 26,9 25,56 24,89 25,44 24,27 

7 27,39 25,98 25,1 25,77 24,81 

8 27,52 27,35 25,18 26,07 25,9 

9 27,73 28,16 25,23 26,66 27,86 
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Appendix 2 
In the following tables, all measures hardness values from the tempering resistance 

examination are presented with purpose to clarify that there were some spread in the 

measurements.  

Table 10. Experimentally measured hardness [HRC] on the RA-samples of HT 1 for 

evaluation of the tempering resistance at 600°. The hardness is measured after different 

holding times. The value from each indentation and the mean value is presented.  

Holding 

time [h] 

HT 1  

Hardness [HRC]  

1 2 3 4 5 mean σ 

1 47 47,1 47 47,4 47,2 47,14 0,15 

5 43,8 44,1 43,9 44,5 44,5 44,16 0,29 

10 42,3 42,3 42,4 42,8 42,4 42,44 0,18 

30 37,1 37,2 37,1 37,1 36,5 37 0,25 

50 34,9 35,6 35,5 35,7 35,3 35,4 0,28 

100 30,9 31,6 31,3 31,4 31 31,24 0,26 

300 24,9 25,2 25,1 25,6 23,9 24,94 0,57 

 

Table 11. Experimentally measured hardness [HRC] on the RA-samples of HT 2 for 

evaluation of the tempering resistance at 600°. The hardness is measured after different 

holding times. The value from each indentation and the mean value is presented.  

 

 

 

 

 

 

 

 

 

 

 

Holding 

time [h] 

HT 2  

Hardness [HRC]  

1 2 3 4 5 mean σ 

1 45,4 45,7 45,8 45,9 46 45,76 0,21 

5 43,1 43,4 43,3 43,1 43,3 43,24 0,12 

10 41,5 41,8 41,8 42 42,2 41,86 0,23 

30 36,7 37 36,6 37,6 36,8 36,94 0,26 

50 35 35,5 34,8 35,4 35,2 35,18 0,26 

100 31,1 31,9 31,3 32,1 31,4 31,56 0,38 

300 25,7 26 25,5 22,9 25,8 25,18 1,15 
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Table 12. Experimentally measured hardness [HRC] on the RA-samples of HT 3 for 

evaluation of the tempering resistance at 600°. The hardness is measured after different 

holding times. The value from each indentation and the mean value is presented.  

 

 

 

 

 

 

 

Table 13. Experimentally measured hardness [HRC] on the RA-samples of HT 4 for 

evaluation of the tempering resistance at 600°. The hardness is measured after different 

holding times. The value from each indentation and the mean value is presented.  

 

 

 

 

 

 

 

Table 14. Experimentally measured hardness [HRC] on the RA-samples of HT 5 for 

evaluation of the tempering resistance at 600°. The hardness is measured after different 

holding times. The value from each indentation, the mean value is presented.  

 

Holding 

time [h] 

  

HT 3  

Hardness [HRC]  

1 2 3 4 5 mean σ 

1 45,3 45,7 45,9 45,5 45,4 45,56 0,22 

5 43,1 43,2 43 43,8 43,3 43,28 0,28 

10 39,8 40,7 41,2 41,6 41,6 40,98 0,68 

30 36,6 36,8 36,7 37,1 36,5 36,74 0,21 

50 34,6 34,8 34,6 34,8 34,7 34,7 0,09 

100 30,8 30,9 31,6 31,5 31,8 31,32 0,40 

300 26 26,2 25,4 25,5 25,2 25,66 0,38 

Holding 

time [h] 

HT 4  

Hardness [HRC]  

1 2 3 4 5 mean σ 

1 45,6 45,6 45,8 46 45,5 45,7 0,18 

5 43 43,1 42,9 43,1 43,1 43,04 0,08 

10 41,6 41,7 41,9 42,2 41,9 41,86 0,21 

30 37,1 37,3 37,2 37,4 37,5 37,3 0,14 

50 34,9 35 35 34,4 34,4 34,74 0,28 

100 31,1 31,5 31,2 32 31,7 31,5 0,33 

300 25,8 26,1 25,5 25,8 25,9 25,82 0,19 

Holding 

time [h] 

HT 5  

Hardness [HRC]  

1 2 3 4 5 mean σ 

1 45,5 45,9 46 45,7 45,7 45,76 0,17 

5 43,1 43,4 43,1 43,4 43,4 43,28 0,15 

10 41,5 41,7 41,4 41,9 41,5 41,6 0,18 

30 37,1 37,3 37 37,3 36,2 36,98 0,41 

50 34,5 34,9 34,7 34,2 34,4 34,54 0,24 

100 31,2 31,5 31,8 31,9 31,1 31,5 0,32 

300 25,5 25,6 25,3 24,7 25,4 25,3 0,32 
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