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Populärvetenskaplig Sammanfattning  

Nyckelord: verktygsstål; austenitisering; släckhastighet; anlöpningskarbider; bainit; 
restaustenit  

Medelstorleken på industriella verktyg för varmarbete har ökat genom åren och 
trenden ser ut att hålla i sig. Detta har en effekt på temperaturförloppet vid 
härdning på så sätt att stora verktyg tar längre tid att värma upp och att kyla. 
Långa värmebehandlingstider ökar risken för korntillväxt i stålet, vilket leder till 
oönskade egenskapsförsämringar hos verktyget såsom sprödhet. För att undvika 
detta har många professionella värmebehandlare sänkt austenitiseringstempe-
raturen i ugnen vid härdning av stora verktyg. 

Syftet med detta arbete är att öka förståelsen av hur en lägre austenitiserings-
temperatur och långsammare kylning påverkar materialet med avseende på dess 
mikrostruktur och mekaniska egenskaper. Inverkan av en lägre austenitiserings-
temperatur på fasomvandling, fasfördelning och resulterande anlöpnings-
karbider har studerats. Undersökningar på sekundärkarbidernas förgrovning vid 
tredje anlöpningen har också inkluderats. 

Resultaten visar att en lägre austenitiseringstemperatur försämrar verktygets 
förmåga att motstå mjuknande, som i sin tur förkortar verktygets livslängd. 
Detta beror dels på fasfördelningen, och att austenitiseringstemperaturen 
bestämmer vilken typ av sekundära karbider som utskiljs vid anlöpningen.  
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Abstract 

Title: Effect of austenitising temperature and cooling rate on 
microstructures of hot-work tool steels 

Keywords: Tool steel; Heat Treatment; Austenitising Temperature;  
Large Tools; Tempering Carbides; Bainitic Microstructures  

ISBN: 978-91-87531-15-6 

The average size of hot-work tools has gradually increased over the past years. 
This affects the effective temperature cycle tools experience during hardening, 
as large dimensions prevent uniform and rapid cooling, and thereby the resulting 
microstructures and properties. In order to avoid the formation of coarse 
structures or cracking during heat treatment it has become common practise to 
lower the austenitising temperature below that recommended by the steel 
manufacturer.  

In this work, therefore, the effects of austenitising at temperatures lower than 
commonly recommended are investigated. Three 5% Cr hot-work tool steels 
alloyed with Mo and V were heat treated, resulting microstructures and 
tempering carbides were studied and transformation characteristics determined 
for different austenitising temperatures and different cooling rates. The 
temperatures and cooling rates have been chosen to be representative for heat 
treatments of different sizes of tools.  

Bainite rather than martensite formed during slow cooling regardless of 
austenitising temperature. A lowered austenitising temperature produced larger 
amounts of both bainite and retained austenite while a higher caused grain 
growth. Carbon partitioning during the bainitic transformation resulted in an 
increase of the carbon content in the retained austenite of at least 0.3 wt.%. The 
austenitising temperature influences also the type and amount of tempering 
carbides that precipitate, which affects the properties of the steel. Higher 
austenitising temperatures favour the precipitation of MC carbides during 
tempering. The Mo rich M2C type carbides were proven to be more prone to 
coarsening during service at 560°C-600°C, while V rich MC carbides preserve 
their fine distribution. A best practice heat treatment needs to balance the 
increase of grain size with increasing austenitising temperatures, with the 
possibility to form more tempering carbides. Higher austenitising temperatures 
also give less retained austenite, which can affect dimensional stability and 
toughness negatively after tempering. 
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 Introduction 1

The development of the automotive industry has increased gradually the quality 
demands of the components. As a consequence, in order to assure that the 
components met the requirements, quality demands were extended to the 
fabrication processes for components as well as to the tools used for their 
production. 

The design and application of a tool determines the appropriate steel grade for 
it, but the assurance of productivity and the quality of the parts to be produced 
depend also on many other factors. The tool steel alloy design and the 
production process of the steel will project on it a certain potential for 
developing the desired properties. Sometimes additional steps are added to the 
conventional ingot-casting production route, such as electro-slag remelting 
(ESR) or vacuum-arc remelting (VAR). These are nothing else than attempts to 
increase the potential of the steel to develop the optimal microstructure assuring 
properties by improving the original as-cast structure [1], [2]. However, it is 
actually the heat treatment procedure which is the decisive step in order for the 
steel to materialise its embedded potential. A proper heat treatment is a sine qua 
non condition for producing a high quality tool that delivers top performance. 
For this reason, the automotive industry is putting a lot of focus on heat 
treatment, generating in many occasions very demanding specifications on both 
the tooling material and the hardening procedure [3], [4].  
 
This work focuses on analysing the results that the hardening cycle of large hot-
work tools deliver when some general geometry-related questions are taken into 
consideration. Large tools for hot-work applications can weigh from over one 
ton up to even three tons after machining. They present also some particular 
problems and limitations. Such limitations are not only for the manufacturing 
process of the tool steel but also for the heat treatment process the tool will 
undergo before put into production. Limitations regarding hardening are related 
to the large dimensions and complex geometry of the tool: its surface will be 
exposed to the hardening temperature for much longer time than the core at the 
same time as the cooling rate at the core is far from being optimal [5], [6] . 
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Tool steel grades for hot-work applications are usually relatively low alloyed and 
therefore have a low equilibrium amount of carbides at the austenitising 
temperature. This often results in grain growth during austenitising which is 
detrimental to the mechanical properties [1], [7], [8]. This effect is especially 
pronounced at the surface for prolonged time at the austenitising temperature 

and it has therefore become practice to lower the austenitising temperature in 
the case of large tools [6]. However, this practice does have consequences for 
the performance of the tool, as it has a very large impact on the microstructure 
and properties of the hardened material. For example, the austenitising 
temperature affects the type of secondary carbides that precipitate during 
tempering, their tendency to coarsening and also the bainitic and martensitic 
transformations.  
 

1.1 Objective and research questions 

The objective of this project is to increase understanding of industrially relevant 
heat treatments and resulting microstructures for large die casting tools. 

The performance of a tool depends on its microstructure to a large extent. 
Features such as the phases present, their distribution and their composition are 
important and will depend on the heat treatment process. Therefore the 
research questions in this project are as follows: 

• How do austenitising temperature and cooling rate affect the formation 
of retained austenite and precipitates? 

• How do retained austenite and carbides evolve during tempering? 

• What are the effects of retained austenite  and/ or its decomposition 
products on hardness, toughness and dimension stability? 
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 Tool steels 2

Tool steels are high-quality steels made to a controlled chemical composition 
and processed to develop properties useful for working and shaping of other 
materials. The carbon content in tool steels may range from as low as 0.1% to as 
high as more than 1.6% C and many are alloyed with elements such as 
chromium, molybdenum and vanadium, where all concentrations are expressed 
in weight %. 

Tool steels are used for applications such as blanking and forming, plastic 
moulding, die casting, extrusion and forging. The needed properties of the alloy 
vary with the different applications. 

 The microstructure of the steel depends on three factors: 

-Chemical composition 

-Manufacturing process 

-Heat treatment 

The composition of the steel will determine for example its hardenability, the 
maximum dimension in which bars and slabs can be produced, its thermal 
expansion coefficient and the composition of primary carbides. 

The manufacturing process will determine the size and distribution of the 
primary carbides, the chemical homogeneity and the cleanliness of the steel. 

The heat treatment will determine how the potential embedded in the material 
by the two previously mentioned factors are put into usage in the performance 
of the tool. 

Large primary carbides will enhance wear resistance but be detrimental for 
toughness and ductility. 

Heat treatment will tune the number, size and distribution of both primary and 
tempering carbides. It will also decide to a large extent if the final microstructure 
will be fine or coarse. Phase distribution and carbides to precipitate during 
tempering are also mainly decided by the heat treatment. 
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Tool steel grades for hot-work applications are usually relatively low alloyed and 
therefore have a low equilibrium amount of carbides at the austenitising 
temperature. This often results in grain growth during austenitising which is 
detrimental to the mechanical properties [1], [7], [8]. This effect is especially 
pronounced at the surface for prolonged time at the austenitising temperature 

and it has therefore become practice to lower the austenitising temperature in 
the case of large tools [6]. However, this practice does have consequences for 
the performance of the tool, as it has a very large impact on the microstructure 
and properties of the hardened material. For example, the austenitising 
temperature affects the type of secondary carbides that precipitate during 
tempering, their tendency to coarsening and also the bainitic and martensitic 
transformations.  
 

1.1 Objective and research questions 

The objective of this project is to increase understanding of industrially relevant 
heat treatments and resulting microstructures for large die casting tools. 

The performance of a tool depends on its microstructure to a large extent. 
Features such as the phases present, their distribution and their composition are 
important and will depend on the heat treatment process. Therefore the 
research questions in this project are as follows: 

• How do austenitising temperature and cooling rate affect the formation 
of retained austenite and precipitates? 

• How do retained austenite and carbides evolve during tempering? 

• What are the effects of retained austenite  and/ or its decomposition 
products on hardness, toughness and dimension stability? 
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 Tool steels 2
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2.1 Types 

There are several standard systems in order to classify the available tool steels in 
the market. Examples of these are UNI, Euronorm, UNE, DIN and Werkstoff 
number and AISI, where the last one is well-known all over the world and the 
one here referred to [1]. Some of the most common grades are listed in Table 1. 
In general, regarding the working material (i.e. the material that is to be 
transformed or shaped by the tool) and the working conditions, tool steels can 
be classified in 4 major groups:  

- tool steels for cold-work applications 

- tool steels for plastic applications  

- tool steels for hot-work applications  

- high-speed steels. 
 

There is a very big variety of tool steels available in the market, from different 
alloy designs to different qualities. Each application has specific needs when it 
comes to mechanical and physical properties of the tooling material. 

 

Table 1. Chemical composition of common standard tool steel grades (wt.%). 

Application AISI 
Standard 

C Mn Si Cr V W Mo Co 

 
 

Cold work  

O1 0.90 1.00 - 0.50 - 0.5 - - 
O2 0.90 1.60 - - - - - - 
A2 1.00 - - 5.0 - - 1.0 - 
A3 1.25 - - 5.0 1.0 - 1.0 - 
D2 1.50 - - 12.0 1.0 - 1.0 - 

Plastic P20 0.35 - - 1.7 - - 0.4 - 
 

Hot work 
H11 0.35 - - 5.0 0.4 - 2.5 - 
H13 0.35 - - 5.0 0.4 - 1.5 - 
H21 0.35 - - 3.5 - 9.0 - - 

 
High-speed 
steel 

M2 0.85-
1.00 

- - 4.0 - - - - 

M3 class2 1.20 - - 4.0 3.0 6.0 5.0 - 
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2.1.1 Tool steels for hot-work applications 

Examples of hot-work applications are operations such as forging, high-pressure 
die casting, low-pressure die casting, hot forming, etc. In this type of 
applications there is always a part of the tool in direct contact with the working 
material, which can be up to 600°C. Die casting processes involve a cooling step 
where solidification of the produced parts takes place. Also press-hardening 
process involves a step when the working material releases heat, as it is to be 
hardened inside the tool. In order to facilitate the transportation of heat from 
the working material to the tool, cooling channels are integrated in the design of 
the tool. The duration of the production cycle is shortened this way. 

By the description above it is immediate that the tooling material for this kind of 
applications should have high heat conductivity in order to transport the heat 
from the working surface to the cooling channels. Also a low thermal expansion 
coefficient as well as resistance to thermal fatigue and a high toughness are 
important in these materials in order to be able to withstand the expansions and 
contractions generated by the temperature cycles. Tempering resistance (the 
ability to keep the hardness a long time when exposed to high temperatures) is 
also needed. In order to be able to fulfil all these demands, hot-work grades are 
usually medium alloyed grades with a carbon content between 0.3 and 0.45%. 
Their hardness is achieved by precipitation of secondary carbides during 
tempering in the preferably martensitic matrix, thus they are alloyed with 
carbide-forming elements, such as chrome, molybdenum, vanadium and 
tungsten. Silicon and nickel are sometimes added in order to increase the 
hardenability. [1], [9], [10]. 

 

2.1.2 Tool steels for cold-work applications 

The composition of cold-work tool steels varies over a very large range. The 
most important properties in steel for cold-work applications are wear resistance 
and resistance to mechanical shock. Depending on the application, the relative 
importance of these two properties might vary and with it, the most appropriate 
grade. High carbon grades (carbon contents over 0.9%) alloyed with carbide-
forming elements are to be used when wear resistance is the most needed 
property. In these cases, the required hardness is somewhere between 60 and 64 
Rockwell Hardness C (HRC). 
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2.1.1 Tool steels for hot-work applications 

Examples of hot-work applications are operations such as forging, high-pressure 
die casting, low-pressure die casting, hot forming, etc. In this type of 
applications there is always a part of the tool in direct contact with the working 
material, which can be up to 600°C. Die casting processes involve a cooling step 
where solidification of the produced parts takes place. Also press-hardening 
process involves a step when the working material releases heat, as it is to be 
hardened inside the tool. In order to facilitate the transportation of heat from 
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the tool. The duration of the production cycle is shortened this way. 
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applications should have high heat conductivity in order to transport the heat 
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coefficient as well as resistance to thermal fatigue and a high toughness are 
important in these materials in order to be able to withstand the expansions and 
contractions generated by the temperature cycles. Tempering resistance (the 
ability to keep the hardness a long time when exposed to high temperatures) is 
also needed. In order to be able to fulfil all these demands, hot-work grades are 
usually medium alloyed grades with a carbon content between 0.3 and 0.45%. 
Their hardness is achieved by precipitation of secondary carbides during 
tempering in the preferably martensitic matrix, thus they are alloyed with 
carbide-forming elements, such as chrome, molybdenum, vanadium and 
tungsten. Silicon and nickel are sometimes added in order to increase the 
hardenability. [1], [9], [10]. 
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The composition of cold-work tool steels varies over a very large range. The 
most important properties in steel for cold-work applications are wear resistance 
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importance of these two properties might vary and with it, the most appropriate 
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forming elements are to be used when wear resistance is the most needed 
property. In these cases, the required hardness is somewhere between 60 and 64 
Rockwell Hardness C (HRC). 
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On the other hand, medium-high carbon grades with carbon contents of around 
0.4-0.6% and also carbide forming elements are used for applications where 
resistance to mechanical shock is to be enhanced.  

Examples of cold-work applications are coining, stamping, cutting, punching, 
bending, blanking, and fine blanking. In this last application the demands on the 
tooling material are much higher than in blanking. The working temperatures 
are never elevated (no more than 150°C), so hot properties are not relevant for 
tools destined to these processes [1], [9], [10]. 

2.1.3 Tool steels for plastic applications 

Tools steels originally developed for plastic applications are low-carbon grades 
(in some cases up to 0.4%, but usually below 0.2%) alloyed with some 
manganese, silicon, chrome and/or nickel. These steels present low hardness 
(30-40 HRC) and they are to be case hardened after the cavity is formed by a 
hubbing operation (cold working process consisting on forming an impression 
in a female piece with a male one of higher hardness).  

As the chemical complexity of commercial polymers increased, needs for higher 
corrosion resistance arose. In order to fulfil this new need, low to medium 
carbon martensitic stainless steel grades were adopted as tooling material for the 
plastic industry. Martensitic stainless steels used for plastic applications contain 
around 12- 14% chrome and they are hypoeutectoid (note that the high amount 
of chrome shifts the eutectoid point to around 0.35% C). 

Plastic applications take place at relatively low temperatures (below 300°C) and 
the main sought property is corrosion resistance, even though large moulds with 
complex geometries have also very high demands on hardenability as well as on 
machinability. [1], [9], [10]. 

 

2.1.4 High-Speed steels 

High-speed steels are highly alloyed steels used to make tools in order to 
machine other alloys at cutting speeds of around 10-40 m/minute. They are 
required to have high hardness (63-68 HRC) at elevated temperatures, as 
operations such as drilling generate large quantities of heat. Working 
temperatures during machining can reach 600°C. High-speed steels are similar 
to tool steels for hot-work applications, but the lower demand for toughness 
permits to alloy them with higher carbon contents in order to meet the hardness 
demands. 
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Some high-speed steels are alloyed with cobalt, which helps to increase their red 
hardness, i.e. the property of being hard enough to cut metals even when heated 
to a dull-red color [11]. 

Depending on which is the main carbide-forming element high-speed steels are 
alloyed with, they can be classified into tungsten high-speed steels and 
molybdenum high-speed steel [1], [9], [10]. 

 

2.2 Production routes 

Production routes for tool steels can be divided into the conventional steel-
making route and powder metallurgy. The conventional steel-making route can 
also be divided into two subgroups, depending on the origin of the raw material 
to be used: iron ore or steel scrap. In this thesis only the variant with steel scrap 
is considered. 

2.2.1 Conventional steel-making route 

The first step in the scrap-based conventional steel-making route takes place in a 
melting furnace (nowadays this is mostly an electrical arc furnace) where the 
scrap is melted (see Figure 1 A). Deoxidation of the melt is carried out by the 
slag, which composition is selected for this purpose. Then the oxygen-rich slag 
is removed and the melt is tapped into the ladle (see Figure 1 B). Before the 
melt is cast, secondary refinement operations take place in the ladle furnace (see 
Figure 1 C and D). Examples of such operations are decarburisation by oxygen 
or by oxygen and argon (VOD and AOD processes respectively). Hydrogen, 
nitrogen and sulphur are usually removed by vacuum techniques before the 
uphill casting operation. Uphill casting is schematically shown in Figure 1 E. 

 

 

Figure 1: Schematic representation of the different production steps in scrap-based 
steel making. A: melting operation in electric arc furnace; B: slag removal and tapping 
operations; C and D: ladle furnace and ladle refinement; E: uphill casting operation. 

Courtesy of Uddeholms AB. 

A B C D E 
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On the other hand, medium-high carbon grades with carbon contents of around 
0.4-0.6% and also carbide forming elements are used for applications where 
resistance to mechanical shock is to be enhanced.  

Examples of cold-work applications are coining, stamping, cutting, punching, 
bending, blanking, and fine blanking. In this last application the demands on the 
tooling material are much higher than in blanking. The working temperatures 
are never elevated (no more than 150°C), so hot properties are not relevant for 
tools destined to these processes [1], [9], [10]. 

2.1.3 Tool steels for plastic applications 

Tools steels originally developed for plastic applications are low-carbon grades 
(in some cases up to 0.4%, but usually below 0.2%) alloyed with some 
manganese, silicon, chrome and/or nickel. These steels present low hardness 
(30-40 HRC) and they are to be case hardened after the cavity is formed by a 
hubbing operation (cold working process consisting on forming an impression 
in a female piece with a male one of higher hardness).  

As the chemical complexity of commercial polymers increased, needs for higher 
corrosion resistance arose. In order to fulfil this new need, low to medium 
carbon martensitic stainless steel grades were adopted as tooling material for the 
plastic industry. Martensitic stainless steels used for plastic applications contain 
around 12- 14% chrome and they are hypoeutectoid (note that the high amount 
of chrome shifts the eutectoid point to around 0.35% C). 

Plastic applications take place at relatively low temperatures (below 300°C) and 
the main sought property is corrosion resistance, even though large moulds with 
complex geometries have also very high demands on hardenability as well as on 
machinability. [1], [9], [10]. 

 

2.1.4 High-Speed steels 

High-speed steels are highly alloyed steels used to make tools in order to 
machine other alloys at cutting speeds of around 10-40 m/minute. They are 
required to have high hardness (63-68 HRC) at elevated temperatures, as 
operations such as drilling generate large quantities of heat. Working 
temperatures during machining can reach 600°C. High-speed steels are similar 
to tool steels for hot-work applications, but the lower demand for toughness 
permits to alloy them with higher carbon contents in order to meet the hardness 
demands. 

 

21 
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During solidification, segregation will take place. The last fractions to solidify 
will be those with higher melting points, leading to compositional 
heterogeneities across the ingot. In order to improve the cast structure and 
achieve a more homogenous material after hot-working, an additional step is 
taken in the production route of high-quality tool steel. This additional step, 
after casting and prior to hot-working is electroslag remelting or electroslag 
refinement (ESR) [1]. 

2.2.1.1 Electro Slag Remelting 
ESR consists of a progressive melting process of an electrode of refined steel 
which has previously been produced by conventional steel-making techniques 
(see Figure 2 to the left). The electrode is submerged in a reactive molten slag 
contained in a water-cooled copper mould (see Figure 2 to the right). A high 
current is applied through the slag and the end of the electrode is melted. 
Droplets of metal fall through the slag and are collected in the mould. The 
water-cooled copper mould increases the solidification rate considerably. This 
way, a new, more homogeneous ingot is built as the electrode is consumed. 

 

Figure 2: Solidified ingot of steel produced through conventional methods (left), 
prepared to be used as an electrode in the ESR process. Schematic representation of 
the process in an ESR furnace (right).The electrode is being re-melted and the melt 

drops go through the slag and re-solidify at the bottom of the mould, generating a new 
ingot. Courtesy of Uddeholms AB. 
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Further steps, common to all steel-making routes are hot-working, heat 
treatment and machining [1]. 

 

2.2.2 Powder Metallurgy 

Powder Metallurgy (PM) consists of metal powder compacting. The reason for 
using this technique is the strong tendency to segregation of highly alloyed 
steels. The powder is produced by spraying the steel out of nozzles. The steel 
droplets will then solidify individually and be collected as powder. Afterwards, 
the powder will first be vibrated in a steel container in order to achieve a 
maximum packing density, and then it is consolidated by hot isostatic pressing 
(HIP) [1], [9]. 

 

2.3 Heat Treatments 

2.3.1 Stress relieving 

Stress relieving is a heat treatment where no phase transformation takes place. It 
should be carried out after rough machining and before hardening. Its purpose 
is to reduce the residual stresses from the part or tool and minimise this way its 
distortion during hardening. Then distortion will take place instead during stress 
relieving. The yield stress of the material drops with increasing temperature and 
distortion takes place. The needed dimensional corrections and adjustments are 
then to be made on the soft annealed part or tool. This is preferable than to 
make adjustments in the hardened condition. 

Stress relieving is usually conducted at around 650°C during 1-2 hours and both 
the heating and the cooling processes are to be carried out slowly in order to 
minimise stresses of thermal origin that are introduced into the material. 

 

2.3.2 Hardening 

The goal of the hardening process is to generate a new microstructure with a 
redistribution of the alloying elements so that the material becomes harder. In 
order to achieve this, the material is heated up so that the ferritic matrix 
transforms into austenite. The dramatically increased solubility of carbon in 
austenite, compared to that in the original ferrite will allow the carbides in the 
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soft annealed condition (see Figure 4) to dissolve into the austenitic matrix. This 
implies the diffusion of the carbide-forming elements into the austenite crystals. 
Afterwards the material is quenched, producing a fast transformation of the 
alloyed austenite into martensite, forcing alloying elements to remain in solution 
in the ferrite. The need of a fast cooling is to avoid that the alloying elements in 
the matrix reprecipitate during cooling due to the decreased solubility limit of 
the matrix with decreasing temperatures. 

In practice, the hardening process has three main steps:  

• heating 
• austenitising 
• quenching. 

2.3.2.1 Heating 
Heating up to the austenitising temperature can be done in different ways, 
depending on the needs of the particular tool or part that is to be hardened. 
Smaller parts with good heat conductivity can be taken to the austenitisation 
temperature with continuous heating. Larger tools need to be heated up in steps. 
Interrupting the heating at certain temperatures allows the temperature to 
equalise in all parts of its geometry. These steps are referred to as preheating 
steps.  

A fast heating might generate large thermal stresses in the material, which can 
result in distortion of the part or tool. 

2.3.2.2 Austenitising  
When the material reaches the selected austenitising temperature (also called 
hardening temperature), the holding time starts. During the holding time the 
temperature is kept constant. It is in this stage of the hardening process the 
dissolution of carbides takes place and the matrix becomes more alloyed.  

In the cases of low to medium alloyed steel grades, a too high austenitising 
temperature or a too long holding time might dissolve most of the carbides. 
This will result in grain growth, which is detrimental to the mechanical 
properties. 

2.3.2.3 Quenching 
Quenching is a forced cooling. There are many different ways to carry out the 
quenching step. It might be by blowing air, by immersing the material into oil or 
by blowing an inert gas with a certain overpressure over the part or tool. This 
last method is the one taking place in vacuum furnaces. 
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Looking at the desired temperature cycle during cooling, two different types of 
quenching processes can be distinguished: direct quenching and step quenching. 

Direct quenching is when the temperature decreases without any interruption, 
and it is applied in cases of small to medium-size tools (up to 300 mm in 
thickness approximately). A too fast quenching might result in cracking of the 
material, while slow quenching will produce a defective microstructure with 
precipitation of carbides at the grain boundaries. This will produce a poor 
performance of the tool or part. 

In the cases when the tools are large, the cooling can be interrupted at some 
point in order to obtain a temperature equalisation across the geometry of the 
tool. This is done in order to minimise the risk for distortion and cracking, 
which are two constant threats to the heat treater. 

 

2.3.3 Tempering 

After the hardening process and when the material has reached room 
temperature, it is to be tempered. The tempering process consists of heating up 
the tool or part to a selected temperature. As the working temperature of the 
tool should not exceed the temperature at which it has been tempered, in the 
case of hot-work tools, the tempering temperature varies between 500°C and 
650°C. In this temperature range, residual stresses from the hardening process 
are relieved, the retained austenite is decomposed into equilibrium phases and 
secondary alloying carbides precipitate in the martensite. 

 
 

2.4 Tool steel microstructures 

2.4.1 Carbides in tool steels 

Tool steels are alloyed with strong carbide forming elements such as Cr, Mo, V, 
Nb and W in order to produce large volume fractions of alloying carbides 
compared to those produced in low-alloyed steels. Most of the alloying carbides 
have crystal structures that fit very well into the lattice of martensite/ferrite. 
Therefore, these carbides will precipitate with a dense distribution and interact 
with the dislocations and hamper their movement. This effect is called 
precipitation hardening and when it occurs during tempering it is usually called 
secondary hardening. But not all applications require the highest hardness, 
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soft annealed condition (see Figure 4) to dissolve into the austenitic matrix. This 
implies the diffusion of the carbide-forming elements into the austenite crystals. 
Afterwards the material is quenched, producing a fast transformation of the 
alloyed austenite into martensite, forcing alloying elements to remain in solution 
in the ferrite. The need of a fast cooling is to avoid that the alloying elements in 
the matrix reprecipitate during cooling due to the decreased solubility limit of 
the matrix with decreasing temperatures. 

In practice, the hardening process has three main steps:  

• heating 
• austenitising 
• quenching. 

2.3.2.1 Heating 
Heating up to the austenitising temperature can be done in different ways, 
depending on the needs of the particular tool or part that is to be hardened. 
Smaller parts with good heat conductivity can be taken to the austenitisation 
temperature with continuous heating. Larger tools need to be heated up in steps. 
Interrupting the heating at certain temperatures allows the temperature to 
equalise in all parts of its geometry. These steps are referred to as preheating 
steps.  

A fast heating might generate large thermal stresses in the material, which can 
result in distortion of the part or tool. 

2.3.2.2 Austenitising  
When the material reaches the selected austenitising temperature (also called 
hardening temperature), the holding time starts. During the holding time the 
temperature is kept constant. It is in this stage of the hardening process the 
dissolution of carbides takes place and the matrix becomes more alloyed.  

In the cases of low to medium alloyed steel grades, a too high austenitising 
temperature or a too long holding time might dissolve most of the carbides. 
This will result in grain growth, which is detrimental to the mechanical 
properties. 

2.3.2.3 Quenching 
Quenching is a forced cooling. There are many different ways to carry out the 
quenching step. It might be by blowing air, by immersing the material into oil or 
by blowing an inert gas with a certain overpressure over the part or tool. This 
last method is the one taking place in vacuum furnaces. 
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Looking at the desired temperature cycle during cooling, two different types of 
quenching processes can be distinguished: direct quenching and step quenching. 

Direct quenching is when the temperature decreases without any interruption, 
and it is applied in cases of small to medium-size tools (up to 300 mm in 
thickness approximately). A too fast quenching might result in cracking of the 
material, while slow quenching will produce a defective microstructure with 
precipitation of carbides at the grain boundaries. This will produce a poor 
performance of the tool or part. 

In the cases when the tools are large, the cooling can be interrupted at some 
point in order to obtain a temperature equalisation across the geometry of the 
tool. This is done in order to minimise the risk for distortion and cracking, 
which are two constant threats to the heat treater. 

 

2.3.3 Tempering 

After the hardening process and when the material has reached room 
temperature, it is to be tempered. The tempering process consists of heating up 
the tool or part to a selected temperature. As the working temperature of the 
tool should not exceed the temperature at which it has been tempered, in the 
case of hot-work tools, the tempering temperature varies between 500°C and 
650°C. In this temperature range, residual stresses from the hardening process 
are relieved, the retained austenite is decomposed into equilibrium phases and 
secondary alloying carbides precipitate in the martensite. 
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especially in applications where high fracture toughness is desired. The proper 
balance between carbides and properties for each type of application has 
resulted in the development of various tool steel types. 

Alloy carbides may be produced during solidification, hot working or during 
tempering. Carbides produced during solidification are known as primary 
carbides. On the other hand, carbides produced when the steel is in solid state 
are called secondary carbides. Carbides formed during tempering are normally 
named tempering carbides. Secondary carbides formed at high enough 
temperature and long enough time as to reach equilibrium composition and 
amount together with the steel matrix, are called equilibrium carbides. 
Secondary carbides also form during metastable conditions; this is often the case 
for the tempering carbides. 

The most common types of carbides and some of their characteristics are listed 
here. M in the carbide designation represents the metal in the stoichiometry of 
the carbide. Different metals may occupy the metal position in the crystal lattice 
of a carbide. 

• M3C is an orthorhombic carbide type, similar to cementite (Fe3C) 
where M can be Fe, Cr, Mn and some Mo, W and V. It precipitates as 
small particles which usually cluster together into larger plates inside 
the martensitic laths or in lath boundaries during tempering. It may 
also form during cooling from hot working or austenitising.  

• M7C3 is an iron and/or chromium primary carbide type with hexagonal 
structure. It is mostly found in Cr-rich alloy steels. It is resistant to 
dissolution at high temperatures. It is very hard and enhances abrasion 
resistance and is found in many steel types as a product of tempering. 

• M23C6 is a complex face-centred cubic carbide type. It is an iron 
and/or chromium carbide and is present in high-chromium steels and 
all high-speed steels, but can also be found in rather low-chromium 
hot-work tool steels after over tempering. It appears as primary carbide 
type. 

• M6C is a face-centred cubic carbide type, usually rich in W and/ or Mo, 
though it may also contain moderate amounts of other elements such 
as Co, V and Cr. It is extremely abrasion resistant. It appears as 
equilibrium carbide and as primary carbide. 

• M2C is a hexagonal carbide type usually rich in W or Mo. Can dissolve 
considerable amounts of Cr. Appears after tempering, as a secondary 
carbide though it can also be a solidification product in high-speed 
steels, being then a primary carbide. 
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• MC is a face-centred cubic carbide type, rich in V. It resists dissolution 
and precipitates easily in BCC, thus it form a dense distribution in the 
martensite. It can appear as both primary and secondary carbide. 

Phase equilibria indicate which carbide types will be present in a given steel 
while its processing influences their distribution [1]. An example of such phase 
equilibrium diagram for Fe-Cr-C system is presented in Figure 3. 

 

 

 

Figure 3: Isothermal section of the Fe-Cr-C system at 870°C. At such temperature 
and for certain combinations of C and Cr, different phases coexist. 

 

2.4.2 Soft annealed microstructure 

The soft annealed condition is the most common delivery condition for tool 
steels. This is due to the fact that the hardness is at its minimum and therefore 
the steel can easily be machined in order to shape the tool or part. 

Soft annealed microstructures have a ferritic matrix, depleted of carbide-forming 
alloying elements, and a dispersion of rounded carbides. An example of this 
kind of microstructures is presented in Figure 4. 
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Figure 4: Light optical micrograph of soft annealed structure in a modified H13 tool 
steel. Note the ferritic matrix and the dispersion of rounded carbides. Courtesy of 

Uddeholms AB. 

 

2.4.3 Martensitic microstructure 

After the soft annealed material is machined and shaped into the desired tool or 
part, it is to be hardened and tempered in order to obtain the optimal properties 
for the application. The microstructures formed after these processes might be 
martensitic or bainitic, depending on the phase transformations during cooling. 

 

2.4.3.1 As-quenched martensitic microstructures 
The term as-quenched martensitic microstructure refers to a martensitic 
microstructure after hardening and before tempering.  

Martensite and undissolved carbides (of smaller average size than those 
presented originally in the soft annealed microstructure) are almost always 
represented in this type of microstructures, but also retained austenite appears 
commonly in as-quenched martensitic microstructures.  

 20μm 
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The amount of retained austenite is a factor of great concern when it comes to 
the resulting quality of the tool. It depends on the alloy design, the chosen 
temperature for the hardening process, the cooling speed and the temperature at 
which the hardening process is ended.  

An as-quenched martensitic microstructure of modified H13 tool steel is 
presented in Figure 5. The retained austenite content is about 5%, as determined 
by X-ray diffraction, but is not possible to identify in the micrographs. 

 

 

Figure 5: As-quenched martensitic microstructure in a modified H13 tool steel 
observed with LOM (to the left) and with SEM, secondary electron mode (to the right). 

Retained austenite content is about 5%. Notice the round-shaped undissolved 
carbides. 

The type of martensite formed in hot-work tool steel is lath martensite as 
typically found in low carbon steels. Lath martensite consists of bundles of 
elongated martensite laths with similar crystallographic orientation. Several 
bundles are nucleated at the grain boundaries of the austenite and grow into the 
grain, as schematically shown in Figure 6. 

10µm 
 20μm 
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Figure 6: Schematic representation of lath martensite bundles formed in a parent 
austenite grain. Notice that laths in a certain bundle are parallel.  

As-quenched martensitic microstructures contain internal stresses of two 
different origins: stresses due to the phase transformation from austenite into 
martensite and thermal stresses due to the fast quenching. These stresses 
produce a strain in the crystal lattice [12]. 

Dimensions of the part or tool vary along the hardening process. This is due to 
the different densities that the matrix can present, depending on if it is ferrite, 
austenite or martensite. 

The matrix of the original soft annealed structure is ferrite. At high temperature 
it will transform into austenite which is a more close-packed phase. Therefore 
the part or tool will shrink. Severe cooling produces then the martensitic 
transformation. Martensite has a lower density than both ferrite and austenite. A 
martensitic transformation implies therefore a growth in the part or tool. 
Nevertheless if the amount of retained austenite is larger than a critical value, 
the hardened part or tool will present shrinkage. 

 

Bundles 
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2.4.3.2 Tempered martensitic microstructures 
The tempering of the tool must take place immediately after hardening, as the 
embedded stresses might result in cracks or in rare cases even in a violent 
explosion of the tool.  

During tempering, stress relieving, precipitation of carbides and decomposition 
of retained austenite takes place. At lower tempering temperatures (around 200-
250°C),  mainly iron-rich M3C will precipitate while at temperatures between 
450 ºC to 650ºC alloying carbides, such as vanadium-rich MC, molybdenum-rich 
M2C and chromium-rich M7C3 and M23C6 will form.  

Tool steels in general are rich in carbide-forming elements, and it is the 
precipitation during tempering that delivers the elevated hardness. The variation 
of hardness with tempering temperature, for a certain austenitising time and a 
certain quenching rate is collected in tempering diagrams. An example of such a 
diagram is displayed in Figure 7 to the left. 

Tempering at temperatures resulting in maximum hardness is recommended to 
be avoided, as it results in a low toughness (Figure 7 to the right). 

 

Figure 7: Variation of hardness with tempering temperature (tempering diagram) of 
H13 tool steel (to the right) and variation of toughness with tempering temperature (to 

the left). Notice that tempering to maximum hardness delivers low toughness. 
Courtesy of Uddeholms AB [13] 
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2.4.4 Bainitic microstructures 

Bainite is the generic name that is given to some structures formed by fine 
aggregates of ferrite plates and cementite particles. Such structures are formed at 
temperatures between 250°C and 550°C. Bainite can be formed isothermally as 
well as by continuous cooling. The formation of bainite by continuous cooling 
takes place when the steel is cooled down from the austenitic region too fast to 
form pearlite, yet not rapid enough to produce martensite. This is usually the 
case in large hot-work tools. The mediocre hardenability of the hot-work grades 
in combination with the limited quenching speed results in the formation of 
bainite. 

There are two main forms of bainite (upper and lower bainite), depending on 
the temperature at which they are formed. Upper bainite forms at higher 
temperatures, which allows the carbon to diffuse out of the ferrite into the 
surrounding austenite. In this case, carbide precipitation will only take place in 
the austenite. On the other hand, lower bainite forms at lower temperatures and 
only part of the carbon diffuses into the surrounding austenite, as the rest is 
trapped in the ferritic sheaves, forming a supersaturated ferrite. There will then 
be two different types of carbides: those formed from the austenite and those 
formed inside the ferritic needle. Carbide precipitation in the ferrite implies 
lower amounts of carbon diffusing into the surrounding austenite; therefore 
fewer and finer cementite particles precipitate between the ferrite plates in the 
case of lower bainite, which is the reason why it is much tougher than upper 
bainite. 

Partially-bainitic microstructure is the term used in this work to refer to those 
microstructures which present to a noticeable extent, bainite and not necessarily 
to those where bainite is a major component. Partially bainitic microstructures 
in tool steels are formed by the phases described above, but they also contain 
other phases such as undissolved primary carbides, martensite and retained 
austenite. 

Bainite formation starts by the formation of bainitic ferrite. This is accompanied 
by carbon partitioning, where the surrounding austenite is enriched in this 
element and therefore becoming more stable. Partially bainitic structures might 
also contain martensite, which is formed after the bainitic transformation has 
taken place.  

Partially bainitic tool steel microstructures can therefore consist of many 
different phases, such as undissolved carbides, precipitated carbides, bainitic 
ferrite, retained austenite and martensite, as shown in Figure 8. 
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Figure 8: An example of a partially bainitic microstructure in a tool steel (lower 
bainite). The bainite is the areas preferentially etched. Notice the presence of 

martensite packets, produced after the bainitic transformation (areas slightly etched) 
as well as some undissolved primary carbides. The microstructure contains around 

10% retained austenite although this is not visible in the micrograph. 

 

Bainitic and partially bainitic microstructures in tool steel are usually coupled to 
large dimensions. In order to minimise residual stresses, the tempering is usually 
done at temperatures between 500°C and 650°C. At such temperatures, 
secondary carbides are precipitated and decomposition of retained austenite 
takes place. 

5µm 
Undissolved carbides 
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 Experimental   3

3.1 Materials & Experiments 

3.1.1 Materials 

The investigated materials for this work were three different hot-work tool steel 
grades, all of them ESR quality: Uddeholm Dievar (modified H13, original 
dimensions of the cross section 610×305), Uddeholm Vidar 1 ESR (modified 
H11, original dimensions 150×810) and Uddeholm Orvar Supreme (modified 
H13, original dimensions 160×300). The chemical compositions of the 
experimental batches are displayed in Table 2: 

Table 2. Chemical compositions (wt.%) of the investigated materials. 

 C Si Mn Cr Mo V 
Dievar 0.36 0.15 0.45 5.00 2.32 0.54 
Orvar 

Supreme 
0.39 1.04 0.41 5.30 1.40 0.95 

Vidar 1 
ESR 

0.41 0.97 0.36 5.18 1.28 0.41 

 

 

3.1.2 Heat treatments 

Performed heat treatments on samples were in all cases hardening and 
tempering. As-quenched samples were also investigated. All heat treatments 
were performed in vacuum furnaces. 

The sizes of the heat treated samples were 15×15×45mm in the case of Dievar 
(modified H13) and 75×150×100 in the case of Orvar Supreme (also a modified 
H13) and Vidar 1 ESR (modified H11).  

Dievar was heat treated as shown in Table 3, while heat treatments applied on 
Orvar Supreme and Vidar 1 ESR are displayed in Table 4. All tempering 
treatments had a duration of two hours. 
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Table 3. Heat treatments applied to Dievar. 

Sample 
denomination 

Austeniti-
sing 

tempera-
ture 

Holding 
time 

(min) 

t[800-500]  
(sec) 

Tempering 
tempera- 
ture (°C) 

Number 
of 

tempe-
rings 

M980T 980 30 63 600 3 
M980 980 30 63 - - 
B980 980 30 1800 - - 

M1025T 1025 30 63 600 3 
M1025 1025 30 63 - - 
B1025 1025 30 1800 - - 

 

Table 4. Heat treatments applied on Orvar Supreme and Vidar 1 ESR. 

Sample 
denomi-
nation 

Steel 
grade 

Austeniti- 
sing 

tempera- 
ture 
(°C) 

Holding 
time 

(minutes) 

t[800-

500] 
(s) 

Temper- 
ing  

tempera- 
ture (°C) 

Number  
of  

temper- 
ings 

O2 Orvar 
Supreme 

1000 45 350 560 2 

O3 Orvar 
Supreme 

1000 45 350 560 3 

V2 Vidar 1 
ESR 

1000 45 350 560 2 

V3 Vidar 1 
ESR 

1000 45 350 560 3 

 

 

3.1.3 Investigations 

The tests and investigations performed on each sample are displayed in Table 5 
and Table 6. Table 5 reflects which samples have been mechanically tested as 
well as if Thermo-Calc simulations have been run for its composition. Table 6 
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reflects which investigations have been performed on each sample regarding X-
ray diffraction, neutron diffraction, LOM, SEM and TEM. 

Table 5. Mechanical tests applied to each sample. 

Steel 
grade 

Sample 

HRC Impact 
testing 
Charpy 

V 

TC simulation After 
HT 

Tempering 
resistance 

D 
I 
E 
V 
A 
R 

M980T X X  X 
M980    X 
B980    X 

M1025T X X  X 
M1025    X 
B1025    X 

Orvar 
Supreme 

O2 X  X  
O3 X  X  

Vidar 1 
ESR 

V2 X  X  
V3 X  X  

 

Table 6. Investigations performed on each sample. 

Sample 

XRD ND LOM SEM TEM 
Retained

.γ 
Retained γ 

lattice 
parameter 

Micro- 
structure 

Grain 
size 

Primary 
carbides 

Micro- 
structure 

Carbide 
study 

M980T     X  X 
M980 X X  X  X  
B980 X X  X  X  
M1025T     X  X 
M1025 X X  X  X  
B1025 X X  X  X  
O2 X  X  X  X 
O3 X  X  X  X 
V2 X  X  X  X 
V3 X  X  X  X 
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3.2 Instruments & Methods 

3.2.1 Vacuum furnace 

Vacuum heat treatment is a reliable process with a high degree of automation, 
requires little maintenance and it is environmental friendly. At the same time, it 
is a clean process, so the parts do not need to be cleaned afterwards. All these 
factors have contributed to making vacuum furnaces the most used equipment 
nowadays for heat treatment of high-quality parts.  

The austenitising step in a vacuum furnace takes place under vacuum conditions 
while the cooling step will be carried out by a massive injection of inert gas 
(most commonly nitrogen) into the heating chamber in alternating directions 
(see Figure 9) and reaching the overpressure that was previously chosen when 
programming the furnace. 
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Figure 9: Schematic illustration of the cooling phase in a vacuum furnace. 

The quenching gas stream passes through the heating chamber in different 
directions, alternately. Courtesy of Schmetz GmbH Vacuum Furnaces, 

Germany. 

 

 

Two different vacuum furnaces were used in order to harden the investigated 
samples. Both of them were produced by Schemtz. The first one had internal 
dimensions 300×300×600 mm, overpressure of 5 bars and unidirectional 
cooling from the top. The second one had internal dimensions 600×900×600 
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mm, a maximum overpressure of 10 bars of nitrogen and bidirectional cooling 
from the top and the bottom of the chamber. 

 

3.2.2 Rockwell hardness measurement 

Hardness of a material is defined as resistance to plastic deformation. Therefore 
different hardness tests consist of penetrating the material with different 
indenting tools or devices and controlled loads.  

Rockwell C hardness measurements are performed by penetrating the material 
with a diamond cone of 120° and 0.2 mm radius at the tip. The indentation is 
performed in two steps: firstly a load of 10Kg will be applied and then it will be 
increased to a total of 150Kg. 

The obtained value depends on the depth of the indentation. A difference of 
0.002 mm depth between two measurements is equivalent to a difference in 
hardness of 1 Rockwell [14]. 

In this work, all hardness measurements were carried out with an Indentec 
hardness testing machine.  

Hardness was measured in all martensitic Dievar samples (in this case, when t800-

500=63s) as well as on the Orvar Supreme and Vidar ESR. 

Hardness was also measured on specimens heat treated as samples M980T and 
M1025T after 1, 3, 10, 30, 100 and 300 hours of exposure to 600°C temperature in 
order to determine the variation of the tempering resistance with different 
hardening temperatures. 

 

 

3.2.3 Charpy V notch impact testing 

A certain quantity of energy is required to produce a fracture in a material. This 
quantity of energy can be used as a measure of toughness of the material, a 
higher absorption of energy indicating better toughness. The most common and 
simplest method of determining toughness is impact testing. A rigid pendulum 
is allowed to fall from a known height and to strike a test specimen at the lowest 
point of its swing. The angle through which the pendulum travels is measured, 
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and the amount of energy that was absorbed in breaking the specimen can be 
calculated.  

Charpy V Notch impact testing (CVN) is a kind of impact testing where the 
specimen has dimensions 55×10×10mm and a 45-degrees angled notch across 
the longitudinal side. The notch is 2mm deep and has a tip radius of 0.25 mm. 
The pendulum hits the sample on the opposite side of the specimen so that 
crack initiation will take place in the tip of the notch [14]. 

The impact testing machine used in this work was a Roell Amsler RKP and the 
power used was 150 J. 

Impact testing was performed on Orvar Supreme and Vidar 1 ESR, by the 
Charpy V method. The samples for this purpose were taken out from both the 
surface and the core of each block. 

3.2.4 Dilatometer 

The dilatometer is an apparatus that measures volume changes due to thermal 
expansion and phase transformations. It is equipped with an induction furnace 
and one or several quenching media (mostly inert gases such as nitrogen, argon 
and helium). This way, programmed heat treatments are carried out very 
accurately and the phase transformations can be studied by analysing the 
obtained changes of volume in the sample. 

 A schematic representation of a typical curve resulting from a hardening in a 
dilatometer is displayed in Figure 10. As it can be observed from the picture, the 
curve starts with the initial volume V at room temperature. Heating up until the 
formation of austenite yields a growing volume which is a result of thermal 
expansion of the material. Following shrinkage is generated by the 
transformation of ferrite into austenite, as it has a more close packed structure. 
When the austenitic transformation is completed, the material will experience a 
new thermal expansion due to temperature increase until reaching the chosen 
austenitising temperature. Quenching after holding time causes thermal 
contraction until the some transformation starts (bainitic or martensitic). This 
transformation produces an expansion in the sample. The starting and finishing 
temperatures of the transformations can be evaluated from the curve as well as 
the expansion it generates.  
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Figure 10: Schematic representation of a hardening curve measured by dilatometry. 
Courtessy of Uddeholms AB. 

Two Uddeholm Dievar samples were run in the dilatometer, reproducing the 
heat treatments performed on samples B980 and B1025. The changes in the 
samples’ length (ΔL) with temperature were recorded in order to collect 
information about the phase transformations that take place, and their start and 
finish temperatures. 

Dilatometry samples were cylindrical with 4 mm in diameter and 10 mm in 
length and they were taken from the centre of the original material in the 
longitudinal direction. 

 

3.2.5 Neutron diffraction 

When waves of quantum particles encounter obstacles whose size is comparable 
with their wavelength, they can exhibit phenomena classically associated with 
light, like diffraction. Because of this, atoms can serve as diffraction obstacles 
when the wavelength is small enough.  

The above mentioned principle endorses neutron diffraction as a method to 
determine the atomic or magnetic structure of a material. It basically consists on 
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bombarding with neutrons a sample of the material to study in order to obtain a 
diffraction pattern that provides information of the structure of the material.  
Also X-ray diffraction is based on the same principles, but neutrons have 
different scattering properties, as they interact with matter differently. X-rays 
interact primarily with the electron clouds surrounding each atom. This implies 
that elements with higher atomic number Z will diffract with higher intensity. 
On the other hand, neutrons interact with the nucleus, so the intensity of the 
diffraction depends on the isotopes, and not on a linear relation to the atomic 
number Z. Also, neutrons do not need to overcome an electrical barrier and are 
capable of penetrating and splitting the nuclei of even the heaviest elements. 
Unlikely X-rays, due to their weak interaction with matter, neutrons penetrate 
well beyond the surface of the sample, providing information of the investigated 
sample. Therefore larger amount of sample material are needed. Scattering 
power of an atom does not decrease with increasing scattering angle, as it does 
in the case of X-ray diffraction, which allows us to determine the lattice constant 
of metals and other crystalline materials. This makes neutron diffraction a very 
accurate and important tool to Crystallography. 

Neutron diffraction technique requires a source of neutrons, which can be 
whether a nuclear reactor or a spallation source. In the cases when the source of 
neutrons is a nuclear reactor, crystal monochromators and filters are needed in 
order to select the desired wave length of the neutrons. For spallation sources, 
series of apertures are used for these purposes. Also the time of flight is a way 
to sort the energies of the neutrons, as neutrons with higher energy are faster. 

Neutron diffraction was used in order to measure the contents of retained 
austenite and its lattice parameter on samples M980, M1025, B980 and B1025. 

 

3.2.6 X-ray diffractometer 

When a beam of X-rays hits the surface of a metal target the X-rays are 
diffracted in many different directions. The angles of diffraction and the 
intensity of the beam in each direction will determine the crystalline structure of 
the material.   

An X-ray diffractometer consists of a source of X-rays, a diffractometer 
assembly and X-ray data collection and analysis systems. 
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austenite and its lattice parameter on samples M980, M1025, B980 and B1025. 

 

3.2.6 X-ray diffractometer 

When a beam of X-rays hits the surface of a metal target the X-rays are 
diffracted in many different directions. The angles of diffraction and the 
intensity of the beam in each direction will determine the crystalline structure of 
the material.   

An X-ray diffractometer consists of a source of X-rays, a diffractometer 
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 The angular distribution of the diffracted beams can be used to identify crystal 
symmetry and lattice parameter to a high degree of accuracy. This is the bases 
for phase identification in a solid sample by X-ray diffraction. 

 The diffractometer assembly controls the alignment of the beam as well as the 
position and orientation of the specimen and the X-ray detector. 

X-ray diffraction was utilized in order to measure retained austenite contents on 
microscopy samples (size 15×15×45). Samples were fine polished (down to 
1µm) and then electropolished. 

The X-Ray diffractor used in this work was a Seifert XRD 3003 PTS with PSD 
detector with a Cr source. The utilized software was Ray Flex and the evaluation 
program was Analyser. Angle of rotation φ was 360 degrees, and oscillation 
angle χ was 130 degrees. Angular speed was in both cases, 12 degrees per 
minute. In order to identify different phases, intensities corresponding to 
different crystalline planes of both ferrite and austenite were considered. The 
crystalline planes which response was observed are displayed in Table 7: 

Table 7. Considered planes in different phases. 

Ferrite 110 200 211 
Austenite 111 200 220 

 

 

3.2.7 Electron microscopy 

The possible resolution in a microscope is in the same size range as the 
wavelength of the used radiation. Electrons can adopt a much smaller 
wavelength than light, and therefore electron microscopy offers a whole new 
world by increasing the possibilities of resolution dramatically. Wavelength is 
therefore not a limiting factor for the resolution in electron microscopes, but 
some aspects of their construction and usage are, like the spot size, the diameter 
of the emitting volume in the sample, the noise levels, the disturbances 
(vibrations, interferences with other magnetic and electric signals…), 
disturbances from impurities on the sample surface or in the vacuum, etc.   

Electron microscopy can be divided into scanning electron microscopy and 
transmission electron microscopy. Scanning electron microscopy gives 
information about the surface and down to a certain depth depending of the 
acceleration voltage of the specimen to study. On the other hand, transmission 
electron microscopy gives information about the crystals that form the sample.  
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3.2.7.1 Scanning Electron Microscope 
In a scanning electron microscope (SEM) electrons are first generated by an 
electron source. This source can be a tungsten filament, a LaB6 or a sharp-tip 
needle of tungsten, also called field emission gun (FEG). In the case of tungsten 
filament, thermal emission of electrons takes place due to direct electric 
resistance heating. In a FEG, a high electrical field is applied (>1V/nm) to make 
the cathode material emit electrons. This way, a very narrow electron beam with 
high beam current, i.e. with a high brightness, is formed.  

The beam scans in a rectangular line pattern over the part of the sample 
specimen that is to be observed. When the electron beam hits the sample 
surface, an interaction between them takes place. Such interaction can be of two 
types: elastic scattering and inelastic scattering. Electrons that are elastically 
scattered by the atoms in the specimen to be studied are called back scattered 
electrons. On the other hand, electrons that are scattered in a non-elastic way, 
produce secondary electrons and X-rays. 

Images can be formed by collecting the back scattered electrons or by collecting 
the secondary electrons. This way, two different imaging modes are possible. 
Backscattered electrons come from the primary beam, they have very high 
energy and they are only collected by the detector when they are scattered back 
with such an angle that they will hit the detector. This means that with this 
imaging mode there might be many shades in the obtained image if the sample 
is not perfectly polished. Backscattered electrons can be used in order to obtain 
atomic number contrast images. High atomic density will produce high density 
of back scattered electrons (white colour in the image), whereas low atomic 
density will produce very few backscattered electrons (black colour in the 
image). 

In this work, backscattered electrons have been used on polished microscopy 
samples (15×15×45) in order to determine the amount and type of primary 
carbides left after austenitising. 

The second possible imaging mode is the secondary electron mode. In this case, 
the secondary electrons are attracted towards the detector by electrostatic 
attraction, i.e. the detector will be charged positively. The electrons will then be 
collected even in the cases when they are not emitted in the direction of the 
detector, even if they have low energy levels. This results in an image with not 
so strong contrast as in the backscattered mode, but with not as many shades 
[15]. 

The SEM used in this work was a FEI Quanta 600F with field emission gun. 
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SEM was used in order to investigate the undissolved primary carbides after 
austenitising in all heat treatment cycles using the backscattered electron 
detector (BSE) as well as to investigate the microstructures obtained after heat 
treatment in Dievar samples. All samples were polished to a surface finish of 1 
µm. 

Microstructure investigations were performed with the secondary electron 
detector, and the samples for this purpose were etched first with picric acid 
(10%) for around 5 seconds and afterwards with nitric acid (2%) for 1 to 2 
seconds.  

 

3.2.7.2 Transmission Electron Microscope 
Transmission electron microscopy is a technique that offers the possibility to 
study the nanostructure of the material with good resolution. It is also possible 
to get information about the crystalline structure of nanoparticles by using the 
diffraction technique. 

In transmission electron microscopy, the electrons pass through a very thin 
specimen and they form an image on a fluorescent screen. Two types of samples 
are normally used; thin foils and replicas. A thin foil is prepared from the steel 
sample, and this is the technique used in this work. Replicas are made by 
sputtering carbon on a sample surface after the surface has been etched. The 
idea is that small particles in the sample will be etched free from the steel and 
get stuck in the carbon replica. In this way small particles can be investigated 
without interference from the steel matrix.   

There are two possible operational modes: diffraction mode and image mode.   

Diffraction mode allows the user to take advantage of the crystalline structure of 
the material, i.e. the periodic arrangement of atom planes, in order to produce a 
diffractions pattern characteristic of a specific crystal structure. When the 
electron wave front is scattered by a plane of atoms, it produces a diffracted 
wave front. Depending on the angles between the incident beam, the diffracted 
beam and the diffracting planes, the atoms might scatter in phase. When this 
happens, the electrons will form a bright spot on the diffraction pattern. This is 
described by Bragg’s law, expressed in Equation (1), where d is the spacing 
between lattice planes, 𝜆𝜆 is the wavelength and θ the angle between the 
incoming and the diffracted beam.  

2𝑑𝑑 sinɵ = 𝑛𝑛𝜆𝜆    Equation (1) 
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Normally the wavelength of the beam is known, so it is possible to calculate the 
distance d between the lattice planes from the diffraction pattern using the 
relations in Equation (2) and Equation (3), which can be deduced by combining 
the geometrical relations from Figure 11 and Equation (1). 

𝑅𝑅
𝐿𝐿� = tan 2ɵ ≈ 2ɵ  Equation (2) 

𝜆𝜆
𝑑𝑑� = sin 2ɵ ≈ 2ɵ  Equation (3) 

 

 

Figure 11: Schematic representation of how the distance between reflecting planes 
and the distance between diffraction spots are interconnected.  

When the electron beam passes through the crystal along a low index direction, 
such as (001) or (011), the diffraction pattern becomes very symmetrical. The 
beam is then said to follow a zone axis in the crystal. Therefore, the orientation 
of the specimen is defined by stating the zone axis of the diffraction pattern 
(DP). 

When the steel contains for instance secondary carbides, which are of course 
crystalline particles, the carbides will precipitate in a given orientation in relation 
to the steel matrix. This gives the opportunity to use diffraction as a mean to 
characterize these particles by dark field imaging. 
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A dark field image is produced by only letting certain diffracted electrons 
through the aperture in the TEM; thus the image will only contain electrons 
diffracted by the secondary carbide if the right diffraction spot is selected. The 
zone axis used to select suitable spots was (011), see Figure 12 (left), though 
(001) would have also been suitable (see Figure 12 to the right). Dark field 
imaging can in this way be used not only to produce an image of very small 
particles in the steel matrix, but most importantly to identify these particles by 
their crystal structure. This technique has been used in this work in order to 
image and identify secondary carbides. 

 

Figure 12: Schematic representation of the two zone axis (011) to the left and (001)to 
the right, showing the overlapping diffraction patterns of the matrix, MC and M2C.  

 

The TEM used in this work was a FEI Tecnai G2 120 kV with LaB6 electron 
source (Oxford Instruments) and CCT camera (Megaview III). 

TEM was used in order to investigate secondary carbides precipitated during 
tempering process. All tempered samples were investigated.  

In order to prepare the thin foils the sample preparation starts by cutting a disk 
of material of 3mm diameter. Afterwards this disc is polished by hand to the 
required thickness (55µm in all cases in this work) and finally it was electro-
polished. The electro-polishing was carried out in a Struers Tenupol-5 at 5°C 
(electrolyte: 2800cm3 ethanol; 400cm3 ethylene glycol; 480cm3 water and 312 
cm3 perchloric acid, voltage 18 V) until the sample had a small hole in the 
centre. 
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3.2.8 Thermo-Calc software  

Thermo-Calc is a commercial software for thermodynamical simulations. It is a 
tool to predict the different phases that will coexist in the equilibrium under 
chosen conditions. Also their relative amounts and their compositions can be 
predicted with the help of Thermo-Calc.  

Though this is a very useful tool, it is very important to keep in mind that in 
order for its predictions to be reliable, equilibrium must be achieved.  

The database used for the simulations is Uddeholm’s own databases, Tool 11 
and Tool 13. 

 Thermo-Calc software was used in order to calculate the composition of the 
equilibrium austenite for different austenitising temperatures. As the different 
austenitising holding times were limited in all cases (30 and 45 minutes), 
equilibrium was not reached. The results obtained by this software were then 
used as illustrative information for further investigations and/ or calculations. 

 

3.2.1 Light optical microscope 

Light optical microscope (LOM) was used in order to measure planar grain size 
(average intercept length according to standard E112-12) in Dievar samples, in 
order to make an estimation of the grain coarsening that higher austenitising 
temperatures implied. The used LOM was a Zeiss Axiophot with a maximum 
magnification of ×1000. 
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 Results 4

4.1 Austenitising treatments 

4.1.1 Austenite composition 

The thermodynamical simulations predicted, for the different austenitising 
temperatures chosen for Dievar (980 and 1025°C), the compositions of 
equilibrium austenite as displayed in Table 8  

 

Table 8. Calculated composition (wt. %) of equilibrium austenite in Dievar 
calculated with Thermo-Calc for different austenitising temperatures. 

Temperature 
(°C) C Si Mo Mn Cr V 

980 0.33 0.15 2.14 0.45 4.98 0.47 

1025 0.36 0.15 2.32 0.45 5.00 0.54 

 

As it can be seen in Table 7, a higher austenitising temperature results in higher 
solubility of carbide-forming elements (C, Cr, Mo and V) in the austenite.  

In the case of Orvar Supreme and Vidar 1 ESR, the composition of the 
equilibrium austenite at 1000°C is predicted to be as displayed in Table 9. 
Comparing these values to those for the corresponding steel grades in Table 2, it 
becomes clear that most of the chromium and molybdenum has been dissolved 
into the matrix, while many vanadium-rich carbides are expected to be 
remaining in the microstructure.  
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Table 9. Composition (wt. %) of equilibrium austenite for Orvar Supreme and 
Vidar 1 ESR at 1000°C as calculated with Thermo-Calc. 

 C Si Mo Mn Cr V 
Uddeholm 
Orvar 
Supreme 

0.26 1.05 1.30 0.41 5.29 0.40 

Uddeholm 
Vidar 1 
ESR 

0.38 0.97 1.25 0.36 5.17 0.29 

 

Thermo-Calc was also used in order to calculate the amount of carbides in 
equilibrium at the different austenitising temperatures for Dievar. As can be 
seen in Figure 13, there shouldn’t be any molybdenum-rich M6C- type carbides 
neither at 980°C nor at 1025°C. 

 

 

Figure 13: Amount of equilibrium carbides at different temperatures. Notice that the 
simulation predicts no molybdenum-rich carbides at any of the chosen austenitising 

temperatures (shown by lines) and very few vanadium-rich carbides when 
austenitising at 1025°C. 
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4.1.2 Undissolved primary carbides 

SEM was utilised in order to identify the type of primary carbides left 
undissolved in the microstructure after austenitising. This was done by means of 
atomic contrast when imaging using BSE. From this we can conclude that in 
Figure 14 and Figure 15 white particles are molybdenum-rich carbides (M6C-
type) and black particles are vanadium-rich carbides (MC-type). 

SEM investigations proved that in the case of Dievar, equilibrium had not been 
achieved after 30 minutes at the austenitising temperature, as undissolved 
molybdenum-rich carbides were found in both samples, as Figure 14 shows. 
This is contrary to what the Thermo-Calc simulations predicted (see Figure 13). 

An extended holding time of 45 minutes at 1000°C left almost only primary 
vanadium-rich carbides undissolved in the microstructure, both in Orvar 
Supreme and Vidar 1 ESR. This can be seen in Figure 15, and is in accordance 
with the data displayed in Table 9. 

 

Figure 14: SEM image of Dievar using BSE. The image shows undissolved carbides 
in sample M980 (to the left) and in sample M1025 (to the right). Notice the abundant 

presence of molybdenum-rich carbides (white spots) in sample M980 and also some in 
sample M1025. Vanadium-rich carbides (black spots) are also present in both samples. 

Both samples were investigated in as-quenched condition. 

 

10µm 10µm 
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Figure 15: BSE SEM image of undissolved carbides in Orvar Supreme (to the left) 
and in Vidar 1 ESR (to the right). Samples were austenitised at 1000˚C for 45 minutes 

followed by quenching at a cooling rate t800-500 of 350 seconds (as-quenched 
condition). 

 

4.2 Microstructures 

Microstructure investigations regarding martensite and bainite were only carried 
out on Dievar samples. The goal of these investigations was to understand how 
different austenitising temperatures affect their distribution. This study was 
complemented by measuring retained austenite content and making an 
estimation of its carbon content.  

 

4.2.1 Martensite and Bainite 

Grain size of the ferrite in the initial soft annealed structure before heat 
treatment was, in all samples, found to be 14 μm average (9 in the ASTM scale ). 
Samples M980 and B980 presented a prior austenite grain size (PAGS) of very 
similar size (15 μm average). PAGS in samples M1025 and B1025 were 20 µm 
average. 

SEM investigations on as-quenched Dievar samples (M980, M1025, B980 and B1025) 
showed that the austenitising temperature has an effect on the distribution and 
morphology of martensite and bainite for both cooling rates. 

Samples M980 and M1025 had martensitic microstructures (see Figure 16) with 
some retained austenite and undissolved primary carbides. The amount of 

10µm 10µm 
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undissolved carbides varies with austenitising temperatures as shown in Figure 
13.  

The intensity of the etching of the martensite packets depends on their 
crystallographic orientation [16]. Preferentially etched martensite packets in 
sample M1025 are more abundant than in sample M980. This effect can be 
appreciated by comparing the two microstructures in Figure 16.  

 

Figure 16: SEM images of martensitic samples M980 (to the left) and M1025 (to the 
right). The preferentially etched martensite packets are more abundant for the higher 

austenitising temperature. 

Samples B980 and B1025 contained bainite. The differences in amount and 
appearance of bainite are shown in overview pictures of samples B980 and B1025, 
Figure 17. The more heavily etched areas are bainite [17]. A higher austenitising 
temperature yielded less but substantially longer bainitic sheaves. Amounts of 
bainite are greater in sample B980. Other phases such as martensite and 
undissolved carbides were also found. Considerable amounts of martensite 
packets can be seen in sample B1025 (areas enclosed by ellipses in Figure 18, to 
the right) but not in sample B980 (see Figure 18, to the left).  

 20µm  20µm 
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Figure 17: SEM images of samples B980 (to the left) and B1025 (to the right). Bainite is 
etching more heavily than martensite. Notice the clear difference in phase distribution 

with more bainite in the sample austenitised at 980°C. 

 

 

Figure 18: Detail SEM images of microstructure in samples B980 and B1025. Notice the 
packets of martensite in sample B1025 (enclosed in ellipses). 

 

4.3 Phase transformations 

The heat treatments performed on samples B980 and B1025 were reproduced in 
the dilatometer. The variations of samples’ length with temperature were 
recorded and resulting curves are presented in Figure 19. Sample length change 
is expressed in percentage and denominated ΔL (%). 

 20µm  20µm 

Martensite packets Undissolved carbides 
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From Figure 19 it can be seen that both samples undergo a bainitic 
transformation, though they take place in different temperature intervals. 
Bainitic transformation in sample B980 takes place between 387 and 309°C, while 
in sample B1025 it takes place between 335 and 267°C. The expansion of the 
sample associated with this transformation is larger for B980.  

A martensitic transformation occurs in sample B1025 after the bainitic 
transformation stops. This second transformation during cooling is marked in 
Figure 19, enclosed in an ellipse. Sample B980 also undergoes a martensitic 
transformation though it is of such small extent that it is not easily seen in the 
dilatometry curve. 

 

 

Figure 19: Dilatometry curves. Variation of ΔL with temperature for heat treatments 
performed on samples B980 and B1025. The transformation temperatures and the 

amount of bainite are higher for the lower austenitising temperature. Notice also the 
martensitic transformation produced in sample B1025, which is enclosed in an ellipse. 
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4.4 Retained austenite 

Retained austenite contents were measured with X-Ray diffraction in Orvar and 
Vidar samples O2, O3, V2 and V3 after tempering. In all of them, the austenite 
content was <2%. 

Dievar samples M980, M1025, B980 and B1025 (all of them in the as-quenched 
condition) were measured with both X-ray diffraction and neutron diffraction. 
Neutron diffraction was also used in order to measure the lattice parameters of 
the retained austenite. The results are shown in Table 10. 

Microstructures containing bainite yielded significantly higher amounts of 
retained austenite than the martensitic ones. The lower austenitising temperature 
yielded larger amounts of retained austenite for both cooling rates. This effect 
was very small in the case of martensitic samples and much greater in the case of 
bainitic samples. At the same time, the lattice parameter of the retained austenite 
in bainitic structures was found to be larger than in the martensitic samples.  

 

Table 10. Retained austenite content measured with X-ray diffraction and 
neutron diffraction and lattice parameters measured by neutron diffraction. 

Sample 

Retained austenite content (%) Lattice parameter 
of  retained 
austenite (Å) X-ray diffraction Neutron 

diffraction 

M980 4±2 5.7±0.2 3.6052 ±0.0014 

M1025 5±2 4.6±0.2 3.6006±0.0016 

B980 17±2 18.1±0.2 3.6141±0.0040 

B1025 11±2 10.5±0.2 3.6142±0.0072 
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4.5 Tempering carbides 

The obtained tempering carbides in samples M980T, M1025T, O2, O3, V2 and V3 
(as they were named in Table 4), were investigated by dark field imaging in 
TEM.  

4.5.1 Dievar 

The sample of Dievar M980T contained several types of tempering carbides. This 
can be appreciated in overview bright field image in Figure 20 (to the upper 
left). MC-type carbides can be seen in Figure 20 (to the upper right), which was 
acquired by dark field technique using the (011) zone axis. In figure 20 (to the 
bottom left) M2C are shown. Both the MC and M2C type tempering carbides 
were thus identified by diffraction using dark field imaging. 

 

 

Figure 20: TEM micrographs of sample M980T (Dievar austenitised at 980°C and 
tempered 3 times at 600°C). Tempered martensite containing tempering carbides (red 

arrows) and undissolved primary carbides (green arrows) is observed in the bright 
field image (upper left). MC and M2C carbides were also observed by dark-field 

imaging (upper right and bottom left respectively). 
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In the sample M1025T (Dievar) tempering carbides of different types were found. 
M3C particles were found in this sample; probably because there was some pre-
martensitic precipitation in the austenite phase during quenching. M3C can be 
seen in the overview bright field image in Figure 21 (to the upper left). MC-type 
carbides were captured in Figure 21 (to the right) by dark field imaging 
technique. There seems to be a larger volume of MC carbides in M1025T. On the 
other hand it was rather difficult to find any M2C carbides in this sample 
austenitised at 1025 ºC. However, some M2C particles were identified by dark 
field imaging. They can be seen in Figure 21 (to the bottom left). The total 
amount of tempering carbides in this sample was much higher than those found 
in sample M980T (see Figure 20).  

 

  

 

Figure 21: TEM micrographs of Uddeholm Dievar hardened at 1025°C and tempered 

three times at 600°C (sample M1025T). Tempered martensite containing M3C, M2C and 

undissolved carbides is observed in the bright field image (to the upper left). MC and 

M2C carbides were also observed by dark-field imaging (upper to the right and bottom 

to the left respectively). 
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4.5.2 Orvar and Vidar 

MC and M2C tempering carbides were also examined in the case of samples O2, 
O3, V2 and V3 by dark-field imaging. 
 
Sample O2 (Orvar Supreme, austenitised at 1000°C and tempered twice) 
showed a very fine and continuous distribution of M2C carbides (Figure 22, left). 
MC carbides were also found in this sample though not as numerous as in the 
case of M2C (Figure 22, right). 
 

 
 
Figure 22: TEM micrograph in sample O2 showing tempering carbides. M2C-type (to 
the left) appeared with an even dispersion, while the precipitation of MC- type (to the 

right) was not abundant.  
 

A third tempering (sample O3) caused a coarsening of the M2C carbides, 
resulting in a less uniform distribution particles and rather difficult to find 
during the microscopy. (see Figure 23 and compare with Figure 22 to the left). 
On the other hand, in this sample there were areas where precipitation of MC-
type carbides was very abundant (Figure 24 to the left) and others where the 
third tempering did not produce any remarkable difference in the amount of 
MC-type carbides (see Figure 24 to the right).  
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Figure 23: M2C carbides in sample O3. TEM (thin foil). Notice the distribution 
difference compared to that in sample O2. 

 

 

Figure 24: Sample O3. Numerous MC carbides in the surroundings of undissolved 
vanadium-rich carbide (the red arrow points in the direction in which the undissolved 
primary carbide was situated, outside but close to the edge of the image) with a fine 

and continuous distribution (left). In the absence of undissolved vanadium-rich 
carbides, very few secondary MC-type precipitated (right).  

 
Sample V2 (Vidar 1 ESR, austenitised at 1000°C and tempered twice) presented, 
overall, a quite fine distribution of M2C carbides. These carbides can be seen in 
Figure 25. 
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Figure 25: Fine distribution of M2C carbides in sample V2 observed with TEM (dark 
field).  

 

The distribution of the MC carbides in sample V2 is discontinuous. This was 
difficult to capture in an image, but in Figure 26 there is an attempt to show a 
cluster of MC particles in the matrix. Two differentiated areas coexist in the 
image: the lower part of the image, which is enriched in precipitated MC-type 
carbides and the upper part, where there are hardly any precipitates of this kind. 
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Figure 26: Dark field TEM image of MC carbides in sample V2.Notice that the lower 

part of the selected area is much richer in precipitates than the upper one. 

Sample V3 (tempered three times) presented a clear coarsening of both, M2C 
and MC carbides compared to sample V2. This can be seen in Figure 27. 

 

 

Figure 27: M2C carbides in sample V3 (left) and MC carbides in sample V3 (right). 
TEM (thin foil) 

 

The TEM results show that in the case of Dievar (where the main difference 
was the austenitising temperature but all samples had been tempered to similar 
hardnesses), a higher austenitising temperature yielded more tempering carbides, 
and particularly more of the MC-type. 
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In the case of both, Orvar Supreme and Vidar 1 ESR, all samples were 
austenitised at the same temperature but the tempering was done twice or three 
times respectively. Thus the amount of tempering varied with tempering 
procedure for both of the grades. It was shown that for this austenitising 
temperature, a third tempering produced coarsening of the tempering carbides, 
particularly of M2C type.  

 

4.6 Mechanical testing 

 

4.6.1 Impact toughness 

Charpy V impact toughness tests and hardness measurements were performed 
on heat treated samples of Orvar Supreme and Vidar 1 ESR. The results from 
these tests are displayed in Table 11. The Vidar samples had slightly higher 
impact toughness than Orvar samples but no significant differences were found 
between one and two tempering treatments. Hardness was very similar for both 
grades and number of tempering treatments. 

Table 11. Results of impact testing and hardness measurements on heat treated 
samples of Orvar Supreme and Vidar 1 ESR. 

Steel 
Type 

Sample 
Denomination 

Number of 
Temperings 

Hardness 
(HRC)  
Surface 
and core 

Charpy V 
(J) 

Surface  

Charpy 
V (J) 
Core 

H13 O2 2 53 11 10 

H13 O3 3 52 10 10 

H11 V2 2 53 13 14 

H11 V3 3 52 14 15 
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4.6.2 Tempering resistance  

As-quenched hardness of sample M980T was 51.6 HRC and 44.5 HRC after the 
second tempering. For sample M1025T as-quenched hardness was 55.8 HRC and 
decreased to 45.5 HRC after tempering three times. 

Tempering resistance, (the ability of the steel to preserve hardness when 
exposed to high temperature)  was tested at 600°C on samples M980T and M1025T. 
The samples were tempered to similar hardness, despite the differences in the 
as-quenched condition. The samples for this test were taken from both the 
surface and the centre of the bar. In Figure 28 the resulting hardnesses are 
presented. It can be seen that the hardness drops faster with time in samples 
austenitised at 980°C than at 1025°C. Differences between the behaviour of the 
samples extracted from the centre of the original material block and the samples 
extracted from the surface are neglegible for the different austenitising 
temperatures. 
 

 
Figure 28: Rockwell hardness as function of hours of tempering. Notice that a higher 

austenitising temperature yields a higher tempering resistance. 
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 Discussion 5

5.1  Grain size 

Comparing the values of calculated austenite equilibrium compositions of 
Dievar in Table 8 to those of the total alloy composition (Table 2), it is obvious 
that the microstructure in samples austenitised at 1025°C (samples M1025 and 
B1025) is expected to be coarser. The fact that in the equilibrium at this 
temperature almost all alloying content is dissolved into the austenitic matrix 
suggests a larger prior austenite grain size (PAGS) due to less pinning of grain 
boundaries by undissolved carbides. This agrees with the results from measuring 
planar grain sizes by the means of LOM (see 4.2.1).  

Also the coarser structure observed by SEM in sample B1025 compared to in B980 

(Figure 17) is a result of carbide dissolution, as the resulting microstructure is 
dependent on the prior austenite grain size [18], [19]. Nevertheless, the fact that 
some undissolved primary carbides where found in these samples proves that 
full equilibrium was not reached during the holding time. 

 

5.2  Transformation behaviour 

Dilatometry results on samples B980 and B1025 (Dievar) as well as microstructural 
studies showed that a lower austenitising temperature yields greater amounts of 
bainite as well as a higher transformation temperature. This is due to the fact 
that alloying of the parent austenite affects the position of the bainitic nose in 
the CTT-diagram. Lower alloyed austenite moves it towards higher 
temperatures and shorter times [18]. The observed microstructures agreed with 
dilatometry results, as the bainite content was larger in sample B980 than in 
sample B1025 (Figures 17 and 18). Subsequent martensitic transformation took 
place in both sample B980 and B1025 but was almost negligible in B980. Martensite 
packets are clearly seen in sample B1025 but not in sample B980 (Figure 18). This 
difference in the extent of the subsequent martensitic transformation is 
expected to be due to the difference in the bainite start temperature, allowing 
more bainite to form from the leaner austenite before the increased stability of 
the austenite, by carbon enrichment during the formation of bainitic ferrite, 
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prevents further transformation [19]. The dilatometry experiments also revealed 
the effect on the Bs temperature of the austenitising temperature.  

Numerous models and empirical formulae have been suggested in order to 
estimate the Bs temperature for many different steel alloys. Most of these focus 
on isothermal transformation. A well-known formula for this purpose is the one 
suggested in 1956 by Steven and Haynes [20] presented in Equation (4). 
(Compositions in formulas refer to wt. %) 

𝐵𝐵𝑠𝑠(℃) = 830 − 270[𝐶𝐶] − 90[𝑀𝑀𝑛𝑛] − 37[𝑁𝑁𝑁𝑁] − 70[𝐶𝐶𝐶𝐶] − 83[𝑀𝑀𝑀𝑀]                    
Equation (4) 

Kunitake and Okada [21] suggested a variation including silicon. Their empirical 
formula is given in Equation (5). 

𝐵𝐵𝑠𝑠(℃) = 732 − 202[𝐶𝐶] + 216[𝑆𝑆𝑁𝑁] − 85[𝑀𝑀𝑛𝑛] − 37[𝑁𝑁𝑁𝑁]                    
Equation (5) 

Kirkaldy and Venugopalan [22] also suggested a new variation where the effect 
of silicon was revised. Their formula is displayed in Equation (6) 

𝐵𝐵𝑠𝑠(℃) = 656 − 57.7[𝐶𝐶] − 75[𝑆𝑆𝑁𝑁] − 35[𝑀𝑀𝑛𝑛] − 15.3[𝑁𝑁𝑁𝑁] − 34[𝐶𝐶𝐶𝐶] −
41.2[𝑀𝑀𝑀𝑀]   

Equation (6) 

Despite the numerous efforts to find a model to accurately predict Bs 
temperature, there are still some particular chemical elements that are rarely 
taken into account. This is the case of vanadium.  

As the vanadium concentration in the equilibrium austenite was predicted to be 
different for the two austenitising temperatures, its possible impact on the Bs 
temperature should be considered. The formula suggested by Zhao, Liu and 
Northwood [23]  takes this element into consideration, but they neglected the 
effect of carbon. Their suggested formula is shown in Equation (4). 

𝐵𝐵𝑠𝑠(℃) = 630 − 45[𝑀𝑀𝑛𝑛] − 40[𝑉𝑉] − 35[𝑆𝑆𝑁𝑁] − 30[𝐶𝐶𝐶𝐶] − 25[𝑀𝑀𝑀𝑀] −
20[𝑁𝑁𝑁𝑁] − 15[𝑊𝑊]  Equation (7) 

Other authors also included the effect of PAGS on Bs temperature, even though 
its effect was found to be very small [19]. This is the origin of the formula given 
in Equation (8) suggested by Kang, Yoon and Lee [24] where dγ is the average 
diameter of PAGS in μm. 
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𝐵𝐵𝑠𝑠(℃) = 634.8− 193.1[𝐶𝐶] + 102.4[𝐶𝐶]2 − 31.2[𝑀𝑀𝑛𝑛] − 4.6[𝑆𝑆𝑁𝑁] −
18.6[𝑁𝑁𝑁𝑁] − 32.4[𝐶𝐶𝐶𝐶] − 15.6[𝑀𝑀𝑀𝑀] + 10.36ln (𝑑𝑑𝛾𝛾) Equation (8) 

Results from applying the above formulae to the equilibrium concentrations of 
austenite predicted by the thermodynamical simulations are listed in Table 12. 

Table 12. Measured and calculated Bs temperatures (°C). 

 Bs (980°C) Bs (1025°C) 
Experimental 387 335 
Equation (4) 174 150 
Equation (5) 342 328 
Equation (6) 352 342 
Equation (7) 425 422 
Equation (8) 375 371 

 

As can be seen from Table 12, none of the tested equations predicts the 
experimental Bs values exactly. Nevertheless some of the predictions were fairly 
close to the measured values: the Bs temperature for the case when austenitising 
at 980°C was best estimated by the formula suggested by Kang, Yoon and Lee 
(Equation 8). Equations 2 and 3, suggested by Kunitake and Okada  and 
Kirkaldy and Venugopalan, respectively, predicted Bs best when austenitising at 
1025°C. 

It is important to remember that these formulae have been suggested for 
isothermal transformation, while the cases studied are transformations during 
continuous cooling. The Bs temperatures in these two different processes do not 
necessarily agree. In continuous cooling transformation, precipitates might form 
before the steel reaches the Bs temperature. Such precipitates are referred to as 
prebainitic precipitates and they will deplete the adjacent austenite from alloying 
elements, causing the composition of the steel vary [25]. Also some of the 
differences between measurements and predictions can be attributed to the fact 
that not all of the alloying elements are considered in the different mathematical 
expressions. At the same time, the alloying contents used are those calculated 
for the equilibrium austenite, despite the fact that it has already been established 
that equilibrium was not reached [26].  

The important conclusion is that both experiments and predictions agree on 
that a lower austenitising temperature should result in a higher Bs temperature. 
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5.3 Retained austenite  

Samples O2, O3, V2 and V3 showed no measurable contents of retained 
austenite. Comparing this to retained austenite contents in samples M980 and 
M1025 (see Table 9), it seems that most of it has decomposed during tempering. 

Retained austenite contents in samples M980, M1025, B980 and B1025 were measured 
by X-ray diffraction as well as neutron diffraction. There are some differences in 
the retained austenite contents measured with the two different methods (Table 
9), though the intervals given by neutron diffraction are, in every case, included 
in the intervals given by X-ray diffraction. Both methods therefore agree, but 
neutron diffraction is more accurate. The reason for it is that neutrons are not 
repelled by the electronic shell of the atoms they bombard, and thereby come 
closer to the nucleus. The diffraction angles have therefore smaller deviations 
and the measurement is overall more accurate. For this reason, these are the 
results to be used in the following discussion.   

A lower austenitising temperature resulted in higher amounts of retained 
austenite (see Table 9), particularly in the case of bainitic structures. Also, 
bainitic microstructures contained significantly more retained austenite than the 
martensitic ones. Differences in retained austenite contents in martensitic 
microstructures were really small. 

Also from Table 9 it can be observed that the lattice parameters of the retained 
austenite in the bainitic samples (B980 and B1025) were in all cases larger than 
those in the martensitic ones. This points to an austenite richer in carbon [27]. 
This fact can be explained by taking into consideration the carbon partitioning 
due to the formation of bainitic ferrite. Increasing amounts of bainitic ferrite 
imply more partitioning of the carbon into the surrounding austenite. The 
carbon-enriched austenite gains stability this way and remains as retained 
austenite in the microstructure after hardening. The dilatometry results (see 
Figure 28) proved the amount of bainite in B980 to be greater than that in B1025.  

The difference between the two martensitic samples (M980 and M1025) is much 
smaller than the difference between the bainitic and the martensitic samples. 
However, the lower austenitising temperature yielded a larger lattice parameter 
although it disagrees with the thermodynamical predictions of austenite 
compositions (see Table 7). The reason is not clear but the fact that the same 
holding time was used for both temperatures meaning that the material 
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austenitised at the lower temperature are further from its predicted equilibrium 
condition at start of cooling could be a contributory factor.  

Several formulae have been developed in order to establish the relation of the 
lattice parameter of the austenite with the alloying additions in solid solution. 
Examples of such formulae are the ones suggested by Ridley et al. (1969), by 
Hummelshöj et al. (2010) and the one suggested by Lee and Lee (2005) which 
are displayed in Equation (9), Equation (10) and Equation (11), respectively. 

𝑎𝑎(𝑛𝑛𝑛𝑛) = 0.3573 + 0,0033[𝐶𝐶] + 0.000095[𝑀𝑀𝑛𝑛]− 0.00002[𝑁𝑁𝑁𝑁] +
0.00006[𝐶𝐶𝐶𝐶] + 0.00031[𝑀𝑀𝑀𝑀] + 0.00018[𝑉𝑉]                        Equation (9) 

Where the lattice parameter is given in nm and all concentrations are expressed 
in (wt%). 

 

𝑎𝑎(𝑛𝑛𝑛𝑛) = 0.35965 + (0.0028 ± 9.07 × 10−5)[𝐶𝐶] Equation (10) 

Where the lattice parameter is given in nm and all concentrations are expressed 
in (wt%). 

 

𝑎𝑎(𝑛𝑛𝑛𝑛) = 0.3577 + 0.00065[𝐶𝐶] + 0.0001[𝑀𝑀𝑛𝑛]− 0.00002[𝑁𝑁𝑁𝑁] +
0.00006[𝐶𝐶𝐶𝐶] + 0.00056[𝑁𝑁] + 0.00028[𝐴𝐴𝐴𝐴]− 0.00004[𝐶𝐶𝑀𝑀] +
0.00014[𝐶𝐶𝐶𝐶] + 0.00053[𝑀𝑀𝑀𝑀] + 0.00079[𝑁𝑁𝑁𝑁] + 0.00032[𝑇𝑇𝑁𝑁] +
0.00017[𝑉𝑉] + 0.00057[𝑊𝑊]    Equation (11) 

Where the lattice parameter is given in nm and all concentrations are expressed 
in (at%). 

The carbon is the element that affects the most to the lattice parameter of the 
retained austenite. A bainitic transformation implies a diffusion of carbon into 
the retained austenite, and therefore a larger lattice parameter. In order to make 
an estimation of the carbon content in the retained austenite, the formulae 
displayed in Equations 9-11 have been used in combination with the values 
obtained from the ThermoCalc simulations and the lattice parameters from 
neutron diffraction measurements. The results of the calculations are presented 
in Table 13.  
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Table 13. Estimated carbon contents (wt.%) in the retained austenite based on 
results from neutron diffraction lattice parameters measurements, results from 

the thermodynamical simulations and Equations 9-11. 

 M980 B980 M1025 B1025 
Equation (9) 0.65 0.92 0.49 0.90 

Equation (10) 0.31 0.63 0.15 0.63 
Equation (11) 0.57 0.86 0.48 0.93 

 

As can be seen from Table 13 the absolute values of carbon contents calculated 
with the formulas differ. However, values for martensitic samples are 
significantly smaller than those for the corresponding bainitic samples as 
expected if carbon partitioning takes place during the bainitic transformation. 
All formulas also predict approximately the same difference between bainitic 
and martensitic samples. The differences between carbon content of austenite in 
martensitic samples and in bainitic ones are approximately 0.3wt. % when 
austenitising at 980°C and about 0.4 wt. % for samples heat treated at 1025°C. 

The carbon content in equilibrium predicted by Thermo-Calc at 980°C was 0.33 
wt. % (Table 8) which is similar to that calculated with equation 10 for the 
martensitic sample M980. In the case of sample M1025 the values calculated by 
Equations 9-11 is significantly lower than for M980 as the measured lattice 
parameter was smaller (Table 10). As discussed earlier this is in disagreement 
with the thermodynamical simulations (Table 8).  

It can be concluded that the carbon content of the retained austenite in the 
bainitic samples was at least 0.3 wt. % higher than in the austenite at the 
austenitising temperature.  

 

5.4 Tempering carbides 

The thermodynamical calculations of the composition of the equilibrium 
austenite for Dievar at 980°C and 1025°C (see Table 8) predicted a larger ratio 
of vanadium to molybdenum (V/Mo) at the higher austenitising temperature of 
1025°C. The reason for this is that the equilibrium amount of the vanadium-rich 
MC carbides is larger at 980°C, and thus less vanadium is dissolved into the 
austenite. This suggests a greater potential for precipitation of vanadium-rich 
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secondary MC carbides in sample M1025T during tempering. TEM investigations 
on samples M980 and M1025 confirmed this prediction (see Figures 20 and 21). 
The thermodynamical calculations predicted also a more alloyed austenite 
overall at the higher austenitising temperature.  This higher content of alloying 
elements in the austenite resulted in hardness differences in the as-quenched, 
martensitic condition. Therefore, in order to achieve the same hardness in the 
samples before performing the tempering resistance test, the sample with the 
higher austenitising temperature was tempered three times at 600°C, while the 
other needed only two temperings (also at 600°C). The result of the tempering 
resistance test shows that the samples that were austenitised at 1025°C kept 
their hardness better than those austenitised at 980°C (see Figure 28). All this 
suggests that the vanadium-rich MC-type of tempering carbides helps to keep 
the hardness high along time at high temperatures. 

Tempering carbides produced in O2 and V2 (both samples were tempered twice 
as displayed in Table 4) were mostly M2C, i.e. molybdenum-rich carbides. This 
seems logical when looking into Table 9, where thermodynamical simulations 
predict that almost all the available molybdenum in both Orvar Supreme and 
Vidar 1 ESR is in solution. The amount of secondary MC carbides was found to 
be discontinuous and uneven in different areas of the samples. The reason for 
this is still not fully investigated, but probably one factor was an uneven 
distribution of equilibrium carbides of vanadium-rich MC-type prior to 
austenitisation. If these equilibrium carbides were unevenly distributed that 
means that vanadium was dissolved unevenly during the austenitisation, and 
thus the conditions for precipitation during tempering was far from 
homogenous.   

After a third tempering of samples O3 and V3, both the MC and M2C types of 
carbides presented coarsening, especially the M2C type. This coarsening of the 
carbide volume leads to greater distances between the carbide particles, thus the 
precipitation hardening effect is reduced. This is the reason for the drop in 
hardness. 

 

5.5 Concluding remarks 

All hot-work grades considered in this work belong to the same family of alloys. 
It is therefore to be expected that knowledge gained from the investigations 
here can serve as guidance in order to predict how similar factors would affect 
the microstructure and properties also for Orvar Supreme and Vidar 1 ESR 
even though most studies were done on Dievar.  
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High toughness, tempering resistance and resistance to thermal fatigue are 
properties desired in a high-pressure die casting tool. In the case of medium to 
large tools (>800kg) cooling after austenitisation is not fast enough to deliver a 
purely martensitic microstructures. Bainite is then also present. Thus 
microstructures similar to those obtained in Dievar samples B980 and B1025 will 
form.  

Sample B1025 presented coarser grains than sample B980. This is detrimental to 
the toughness [10], [8]. On the other hand, sample B980 contained more retained 
austenite. This is also having an impact on the toughness as retained austenite is 
to be transformed into ferrite and cementite during tempering. It is therefore to 
be expected that the amount of cementite in the final microstructure of the tool 
will increase with increasing amounts of retained austenite. Since cementite 
lowers the toughness, it is also to be expected that larger amounts of bainite will 
be detrimental to toughness [19].  

Investigations on tempered samples M980T and M1025T proved that a higher 
austenitising temperature would enhance the tempering resistance of the steel 
[26]. Softening of the tool is one of the main reasons for low-cycle thermal 
fatigue. Thus an improved tempering resistance should improve resistance to 
low-cycle thermal fatigue [28]. 

It seems therefore that in order to achieve the optimal balance of properties the 
austenitising temperature should be chosen to avoid coarse grains while 
dissolving considerable amounts of alloying elements so the bainitic nose in the 
CCT diagram is moved to longer times and lower temperatures. A third 
tempering did not seem to be beneficial in terms of microstructure when 
austenitising at rather low temperatures but the situation might be different if 
increasing the temperature. 

This study has contributed with new knowledge on how different heat treatment 
procedures affect the microstructure and properties of hot work tool steels. It is 
thereby a step towards finding the optimum practice for heat treatment of large 
tools although further tests are required to verify which combination of 
austenitisation temperature and tempering treatment should be selected 
depending on the intended application. 
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 Conclusions 6

Three 5% Cr hot-work tool steels alloyed with Mo and V were heat treated, 
resulting microstructures and tempering carbides were studied and 
transformation characteristics determined for different austenitising 
temperatures (980°C, 1000°C and 1025°C) and different cooling rates (t800-500 
being 63, 350 and 1800 seconds). The temperatures and cooling rates have been 
chosen to be representative for heat treatments of different sizes of tools for 
hot-work applications.  

• Rapid cooling produced martensitic microstructures with some 
austenite while slow cooling resulted in large amounts of bainite, some 
martensite and retained austenite.  

• Austenitising at 1025°C caused more carbide dissolution, resulting in 
growth of the austenitic grains and thus a coarser microstructure, than 
when heat treating at 980°C. 

• For slow cooling, austenitising at 980°C yielded a greater amount of 
bainite and retained austenite than if austenitising at 1025°C. 

• The austenitising temperature has an impact on the type of carbides 
that will precipitate during tempering and thus, on the properties of the 
tool. A higher austenitising temperature resulted in precipitation of 
more tempering carbides, particularly more of the MC type which 
contributes to tempering resistance. 

• M2C carbides are more prone to coarsening at high temperatures 
(560°C - 600°C), while MC type preserve their fine distribution. 

• A best practice heat treatment needs to balance the increase of grain 
size with increasing austenitising temperatures, caused by dissolution of 
primary carbides, with the possibility to form more tempering carbides. 
On the other hand, less retained austenite, that can affect dimensional 
stability and toughness negatively after tempering, will form for higher 
austenitising temperatures. 
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 Future Work 7

In order to complement the here gained knowledge about the influence of the 
austenitising temperature on the microstructure, which will affect the tool 
performance, mechanical testing should be carried out after tempering of these 
structures. 

It would also be valuable to characterise the tempering carbides obtained in the 
bainitic structures as well as making an in-depth comparison of the bainitic 
structures obtained by continuous cooling and those obtained by isothermal 
transformation. 

Knowledge of the thermal stability of the retained austenite in bainitic structures 
would be of fundamental interest and great importance for industrial 
applications. 
 
Finding ways of increasing the V/Mo ratio in solution during austenitisation 
other than increasing the austenitising temperature could open new routes to 
improved properties and would be of great interest.  
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  Summaries of appended papers 9

 

9.1 Paper A:  

Influence of lowered austenitisation 
temperature during hardening on tempering 
resistance of modified H13 tool steel 
(Uddeholm Dievar) 

This paper focus on how the austenitising temperature affects carbide 
precipitation during tempering. The effects on hot properties are also evaluated. 
Carbides were studied by SEM and TEM and tempering resistance tests were 
performed. 

Results showed that higher austenitising temperature produced more tempering 
carbides, particularly of the MC type, and yielded improved tempering 
resistance. 

 

 

9.2 Paper B:  

On the evolution of tempering carbides in a 
modified H13 and a modified H11 when 
hardening at 1000 ºC. 

The scope of this paper is to evaluate the impact of a third tempering on the 
tempering carbides when the austenitising temperature is in the lower part of the 
recommended range. Investigations were run by SEM and TEM was used to 
characterize the carbides. The amount of retained austenite was measured by X-
ray diffraction. 

Results showed that the third tempering produced carbide coarsening while it 
gave no significant improvement of the toughness. 
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9.3 Paper C:  

Effect of austenitising temperature and cooling 
rate on phase transformations in a modified 
H13 tool steel 

This paper presents the microstructure of a 5 wt.% Cr tool steel, alloyed with 
Mo and V, for two different austenitising temperatures and two different 
cooling rates. Both martensitic and bainitic microstructures were investigated by 
means of SEM, X-ray diffraction and neutron diffraction. Phase transformations 
were studied by dilatometry and carbon content in retained austenite was 
estimated from lattice parameter measurements. 

Results proved that a lower austenitising temperature yields larger amounts of 
bainite and retained austenite. The carbon enrichment of the retained austenite 
produced by the bainitic transformations was estimated to at least 0.3 wt. %.  
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