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ABSTRACT 

The current work contains experimental and theoretical work about the 
formation of martensite from the austenitic state of the steel Hardox 450. Simulation 
of rolling and subsequent quenching of martensitic steel plates requires a model that 
can account for previous deformation, current stresses and the temperature history, 
therefore dilatometry experiments were performed, with and without deformation. 
Two austenitization schedules were used and in the standard dilatometry the cooling 
rates varied between 5-100 °C/s, in order to find the minimum cooling rate that gives 
a fully martensitic microstructure. Cooling rates larger than 40°C/s gave a fully 
martensitic microstructure. The cooling rate of 100 °C/s was used in the deformation 
dilatometry tests where the uniaxial deformation varied from 5-50 %. The theoretical 
work involved modelling of the martensite formation and the thermal/transformation 
strains they cause in the steel. Characterizations were done using light optical 
microscopy, hardness tests and electron backscatter diffraction technique. The parent 
austenite grains of the martensitic structure were reconstructed using the orientation 
relationship between the parent austenite and the martensite. Kurdjumov-Sachs 
orientation relationships have previously been proven to work well for low-carbon 
steels and was therefore selected. 

The standard implementation of the Koistinen-Marburger equation for 
martensite formation and a more convenient approach were compared. The latter 
approach does not require the storage of initial austenite fraction at start of martensite 
formation. The comparison shows that the latter model works equally well for the 
martensite formation. The results showed that the use of martensite start and finish 
temperatures calibrated versus experiments for Hardox 450 works better when 
computing thermal expansion than use of general relations based on the chemistry of 
the steel. 

The results from deformation dilatometry showed that deformation by 
compressive uniaxial stresses impedes the martensite transformation. The simplified 
incremental model works well for deformation with 5 % and 10 %. However, the 
waviness in the experimental curve for deformation 50 % does not fit the model due 
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to large barrelling effect and the large relative expansion for the material that the 
sample holders are made of. 

Crystallographic reconstruction of parent austenite grains were performed on a 
hot-rolled as-received reference sample and dilatometry samples cooled with 60 °C/s 
and 100 °C/s. The misorientation results showed that the samples match with the 
Kurdjumov-Sachs orientation relationship in both hot rolled product and dilatometry 
samples. When misorientation between adjacent pixels are between 15° and 48°, then 
the boundary between them was considered as a parent austenite grain. The austenitic 
grain boundaries of the sample cooled at 100 °C/s is in general identical with the hot 
rolled sample when considering high angle boundaries (15°-48°). The results from the 
hardness tests showed that the rolled product exhibits higher hardness as compared to 
samples cooled by 100 °C/s and 60 °C/s. This can be attributed to the formation of 
transition-iron-carbides in the hot rolled product due to longer exposure of coiling 
temperature. 
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CHAPTER 1- Introduction 
 

 

1.1 Background 

Iron has been used in mankind for a long time in different parts of the world. The 
use of iron has gone both up and down because of the influence of other metals on the 
market, for example bronze has supplanted iron in certain areas [1]. Malleable iron 
goes by the name steel, which is an iron alloy that can be forged. Steel with an amount 
of carbon lower than 1.7 % have good mechanical properties. This limit is set due to 
the microstructure and strength, since brittleness increases with increasing amount of 
carbon. The limit can be raised by adding alloying compounds like vanadium (V), 
nickel (Ni) etc. [2]. Almost all machines, vehicles and equipment in manufacturing 
processes are made of steel. The mechanical and other properties of the steel can be 
modified by adding different alloying elements. Different types of heat treatments, 
like tempering, annealing and hardening, can also be used to customise mechanical 
properties. 

The reasons for using steel are many; it is strong, steel added with chromium is 
sustainable, it is recyclable. Recycling reduces the use of energy when manufacturing 
steel and it reduces the cost along the chain of manufacturing. 
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Figure 1. Ductility versus yield limit for various steels, courtesy SSAB. 

Today there is an increasing use of steels with higher strength and ductility. 
Examples of these materials are martensitic steels. Figure 1 shows ductility versus 
yield limit for various steels. One method to manufacture steels with higher strength 
is to rapidly quench the material from high temperatures. This research review focuses 
on the effect of the martensitic phase transformation during quenching and on the 
mechanical properties of the steel as well as flatness of the rolled sheet. 

The PhD project is performed in close collaboration with SSAB EMEA in 
Borlänge, Sweden. SSAB is a global, highly specialised steel company that produces 
advanced high strength steels (AHSS) and quenched & tempered steels (Q&T) with 
various mechanical properties and possible applications. The steel production 
facilities are now located in Sweden, Finland and the United States but the company 
originates from Domnarvets Järnverk, started 1878 in Borlänge. The annual steel 
production capacity is 8.8 million tonnes (2015). 

1.2 Aim and scope of research 

The aim of the PhD project is to develop a finite element model and simulate the 
rapid quenching in the final stage production of the martensitic strip steel, Hardox 
450. The model will be used to gain understanding about the process in order to reduce 
residual stresses and deformations since the diffusionless phase transformation from 
austenite (fcc) to martensite (bct/hcp) leads to volume changes and the quenching 
process is not fully homogeneous. This can affect the flatness of the sheet.  

The work presented in this licentiate thesis focuses on the material Hardox 450, 
to determine appropriate models for martensite formation and also the connected 
thermal and transformation strains. The work also includes microstructure 
characterisation in order to further understand the performed mechanical test results. 
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1.3 Hot rolling 

The slab, of size 5-11 m length, 900-1600 mm width and 220 mm thickness, is 
heated to about 1250 °C before entering the hot rolling mill (HRM), see Figure 2, 
where it is rolled to a strip with thickness from 16 mm to 1.8 mm. First, the slab is 
descaled to ensure that the surface is as clean as possible before rolling. In the 
roughing mill, the slab’s thickness and width is reduced, by 5-7 roll passes and its 
length increases from 5 m to almost tenfold [3, 4]. Thereafter the strip is coiled in the 
coil box from which it is threaded into the finishing mill. Coiling of the strip evens 
out the temperature differences in the thickness direction and also effectively frees up 
the rougher area so that a new slab can enter the rougher mill. The threading into the 
finishing mill is much slower than the strip speed in the rougher. Coiling temperature 
does have an effect on microstructure and mechanical properties after cooling of the 
material therefor it is plausible that more even temperature also have an effect between 
the roughing and finishing mill [5, 6]. 

After the coil box, the scale is flushed away again in order to enhance the surface 
properties. The strip then enters the first of six finishing stands and here the thickness 
is further reduced to, in our case, 6 mm. The strip has a temperature about 890 °C 
when it leaves the sixth stand and its length has increased (in correspondence to its 
reduction in the thickness direction) [3, 4]. Thereafter it enters the cooling section. 

In the cooling section, the materials mechanical properties and microstructure 
are controlled. The cooling section consists of 12 separate water shower sections with 
6 nozzles each in top and bottom, except the last that has 12 smaller nozzles. The 
nozzles regulate water flow. Different steel products need different cooling strategies. 
Different shower schedules can give different microstructures. The strip is coiled 
when it passes the cooling section [4]. 

 

 

 

Figure 2. Layout of the hot rolling mill at SSAB Borlänge, from [7]. 
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1.4 Hardox 450 

Today there is an increasing demand of lighter, stronger and more life endurance 
materials in constructions and products subjected to high wear, high loads and 
temperature changes. Materials from the Hardox group offer a unique combination of 
toughness and hardness which make it possible to build lighter constructions with 
increased life-span and extreme performance. The material is hard through the entire 
thickness and therefor it is hard for other materials to wear it. The toughness ensures 
that the material can withstand shocks and blows without plastic deformation as a 
result. It also prevents cracks from developing and growing when the material is 
deformed [8]. 

The strip is rapidly quenched in the cooling section and the coiling temperature 
is below 100 °C. The strip from here is delivered to a levelling and cutting mill where 
it is cut into plates. Hardox is only sold as plates. One reason for this is the security 
risk when opening Hardox coils since they can unwind due to the so-called spring-
back effect. 

Hardox 450 is an abrasion resistant steel with a nominal hardness of 450 HBW. 
The steel also have good welding properties. Typical applications are components and 
structures exposed to wear. Hardox 450 is available in thicknesses of 3 – 130 mm. 
Hardox 450 manufactured at SSAB Borlänge, has a thickness between 3 mm to 8 mm 
after hot rolling.  

Table 1 gives the Carbon Equivalent values, CEV and CET, which can be 
calculated by Eq. (1) and Eq. (2) [9]. CEV and CET are European standards and gives 
an indication of the materials welding properties according to cracking. Hardox 450 
has low values which indicate it is weldable. 

The various alloying elements in Hardox 450: chromium, manganese, 
molybdenum, nickel and boron mainly effects hardenability of the steel. Boron 
enriched to grain boundaries reduces cracking inclination [10]. Average mechanical 
properties for Hardox 450 are given in Table 2 and Table 3. 

 

Table 1. European standards of carbon equivalent values for Hardox 450, from [9]. 

Welding properties 
of Hardox 450 

CEV, typv. CET, typv. 

0.445 0.318 
 

  (1) 

 (2) 
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Table 2. Strength and ductility for Hardox 450, from [9]. 

Strength 
Yield point, Re 

[MPa] 
Tensile strength, Rm 

[MPa] 
Elongation, A5 

[%] 
1200 1400 10 

 
 

Table 3. Impact resistance values for Hardox 450, from [9]. 

Charpy-V test for 
a 20 mm thick 
Hardox 450 plate 

Test temperature [ºC] Impact energy [J], along 
the sample test 

-40 40 
 

 

 
Figure 3. The results of tensile tests done on samples from various positions in the 
rolled sheet of 6 mm thick Hardox 450 are shown in the plot. PL3 and PL4 have the 
same locations but have been drawn in rolling and transverse direction respectively, 
courtesy SSAB. 

 

Figure 4. Illustration of tensile test samples position and direction in the sheet. 
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Tensile tests for 6 mm thick Hardox 450 are shown in Figure 3. As can be seen 
in Table 2, Rm is well above 1400 MPa and it can be compared with Docol 1400 in 
Figure 1. 

Locations of test samples in the sheet affect the behaviour in tensile tests. Most 
stable and repeatable tests are done on samples located from the middle of the band. 
The head and tail of the sheet have high temperature variations due to the flutter of 
the band and the coiling procedure. Figure 4 shows location and direction of the 
samples subjected to tensile tests. The difference in strain between PL3 and PL4 is 
due to the steel’s microstructure after rolling. It can be described as a packet of 
spaghetti in the rolling direction which is why the elongation is larger there than in 
transverse direction. The crystals glide planes and glide directions have a major 
impact on the materials tensile properties.  
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CHAPTER 2 - Martensite formation 
 

 

2.1 Coupling effects of martensite formation 

Austenite can transform into ferrite, bainite, pearlite, cementite and martensite 
when steel is cooled from temperatures above A3 to under A1. All phase 
transformations, except martensite, are controlled by diffusion. The rapid phase 
transformation from austenite ( ) to martensite (  leads to volume changes as 
carbon atoms, in low carbon steels, become trapped in the  lattice. This distorted  
lattice is denoted ’, a body centred tetragonal (bct) structure with magnetic 
properties. In leaner austenitic steels with low stacking fault energy, the  martensite 
is formed. It forms at cryogenic temperatures or by cold working and has a non-
magnetic hexagonal close-packed (hcp) structure [11]. The formation of martensite 
changes the mechanical properties of the steel. The transformation causes 
transformation strains and transformation induced plasticity in the softer phase. Latent 
heat due to the transformation can slow down the formation of martensite in the 
beginning. The formation and expansion of martensite also induces stresses that 
counteracting the formation requiring large driving forces, i.e., undercooling, 
described in section 2.3. Figure 5 illustrates the couplings between temperature, 
deformation and martensite formation [12]. 

 

 

Figure 5. Interactions between martensite formation, deformation and temperature, 
and explanation of couplings, from [13]. 
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2.2 The martensitic transformation 

The phase transformation from austenite to martensite is very rapid and there is 
no time for individual atoms to move. Therefore the martensitic phase has the same 
chemical composition as its parent phase. During martensitic transformation, the 
crystals experience shearing when the atoms in the phase boundary move towards the 
same direction because the phase boundary is either coherent or semi-coherent, an 
orientation relationship (OR) between the new phase and parent phase forms. The OR 
maintains by lattice distortions which results in formation of dislocation cells or 
deformation twins, which reduce the system’s energy [14]. 

The amount of carbon in the steel determines the grade of tetragonality since the 
transformation is diffusionless and carbon, an interstitial element, is trapped, see 
Figure 6. Therefore the lattice parameter of the martensite crystal varies with carbon 
content, see section 4.3. When all sides of the martensitic lattice have the same size 
then the crystal is a bcc ( ). If one side is longer/shorter the crystal is a bct ( ). Steels 
with a high amount of carbon experience a different kind of transformation,  
[15, 16]. 

 

 

 

Figure 6. Phase transformation from austenite to martensite. The dashed line shows 
which atom locations that form the bcc/bct crystal. The amount of carbon in the 
steel-alloy determines the grade of tetragonality. The black dots only represent the 
iron atoms. 
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2.3 Driving forces influencing the transformation 

There are combined mechanical and chemical driving forces that drive the 
martensitic transformation. The formation is classified into three regions, depending 
on the dominating driving force. They are the thermally driven formation, starting 
below Ms, and stress assisted and strain induced formations. Large stresses, above 
plastic yield, are required to form martensite at higher temperatures. It is called strain-
induced martensite transformation, (SIMT), the plastic deformation produces new 
nucleation sites. They are believed to be at the intersection of shear bands created [17] 
but mechanical twins can also be nucleation sites. The process is called stress-assisted 
for lower temperatures. The nucleation is on existing nucleation sites, i.e. the same 
sites as for thermal driven transformation. Figure 7 illustrates that when the austenite 
is deformed at temperatures above , plastic strain precedes transformation which 
lowers the stress required for the martensite transformation. Two reasons for the 
promotion are stress concentrations at obstacles [18] (e.g. grain boundaries, twin 
boundaries, etc.), which assist the transformation [19] and the creation of new 
nucleation sites by plastic straining [20]. Md is the temperature above which the 
chemical driving force becomes so small that nucleation of martensite cannot be 
mechanically induced and austenite only deforms plastically. Thus, above Md, the 
stress-assisted or strain-induced martensitic transformation will not take place. 
Instead, above Md the martensitic transformation can be retarded by straining of 
austenite as illustrated in the left part of Figure 7 [21]. 

 

Figure 7. The left-hand side shows how prior strain mechanically stabilises the 
austenite phase which decreases the transformation start temperature into martensite. 
The thermally driven martensite transformation starts when the temperature reaches 
Ms and the cooling is fast enough for no other possible decomposition of the 
austenite. At the right-hand side, above Ms, stress or strain assists martensite 
formation. The breaking point for the dominating driving forces, others than 
undercooling, is the  temperature, from [21]. 
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A further lowering of the temperature leads into the region of thermal driven 
transformation. The chemical driving force for martensitic transformation is due to 
the undercooling, . The relation between the undercooling  and chemical driving 
force is described below. However, if the cooling rate is too low then other diffusion 
controlled phase changes occur. Thus some or all austenite may transform into other 
phases and will not contribute to the martensite formation. The latter starts at the Ms 
temperature. Further undercooling is necessary until all austenite is transformed. This 
occurs when reaching the martensite finish temperature Mf [22, 23]. 

The driving force for martensite formation is due to that this phase has a lower 
energy than austenite at lower temperatures. The difference in Gibbs free energy 
between the phases must be large enough to overcome the energy barrier associated 
with the formation of a small martensite nucleus [12, 24]. 

The martensite phase formation leads to volume expansion and shears the lattice 
which builds up stresses that counteract continuing transformation. This is the reason 
why further undercooling is needed for transforming more austenite to martensite. The 
martensitic transformation can also be induced by deformation [23]. 

The microstructure of the austenite also affects, besides its chemical 
composition, the phase transformations. The martensite volume fraction increases 
with increasing austenite grain size since there are fewer obstacles to overcome. 
Gungunes et al. [14] also found that austenitizing time is important for the formation 
of martensite due to recovery and recrystallization. Recovery reduces the number of 
dislocations and acts as stress-relieving for already existing grains. Recrystallization 
causes new dislocation free subgrains to grow and their final size depends on 
austenitizing temperature and time. Smaller grain size gives fine small laths and a 
harder martensite. The stress state of the austenitic phase likewise affects the 
martensitic transformation, . Higher tensile mean stress advances the 
martensitic transformation as it favours the volume increase, whereas a compressive 
stress suppress the transformation. The direction of shear stresses decides the growth 
direction of the body centred tetragonal (bct) crystal as the phase change is also a 
shearing strain. The carbon content affects the energy barrier that needs to be 
overcome for nucleation to start. Increasing carbon content offsets the energy required 
for martensite transformation towards lower temperatures and higher Gibbs free 
energy [15, 16]. Driving forces and energy barriers needed to reach Gcrit which is 
presented in Eq. (3) and can be seen in Figure 8. 

  (3) 

where Gchem is the free volume energy release due to the difference between the free 
energy of austenite and martensite, Gd is dislocation energy that reduces the barrier 
and Gwork is the work per unit volume by the applied stress. A is the area and V the 
volume of the nucleus,  is the surface energy and Gs is the strain energy due to the 
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nucleus itself. Olson and Cohen [17] proposed a linear dependence with temperature 
for Gcrit. The growth of nucleus is very fast once it has formed and general interaction 
between microstructure, temperature and deformation is summarised in [33]. 
According to Porter and Easterling [24], external stress and local stress field around 
dislocations also have effects on the barrier. External stress influences the work per 
unit volume Gwork and stress fields around dislocations increases the barrier. 
Martensite does not nucleate at free surfaces or grain boundaries [24] but at shear band 
intersections and other localised dislocations bands like twins or -platelets when it is 
strain induced [25]. 

 

 

Figure 8. Illustration of Gibbs free energy and absolute temperature for austenite 
and martensite. The temperature Md is the temperature above which no martensite 
can be formed for any value of the plastic strain, from [33]. 

  

G [kJ]

T [°C]

G ’

GSp
ec

ifi
c 

fr
ee

 e
ne

rg
y

Ms Md

Required energy to 
overcome barriers

Gd=W=0Gchem(T)

Gd
max/V+W



 

12 

 

  



13 

CHAPTER 3 - Experimental 

3.1 Dilatometry 

Dilatometer tests were carried out by Swerea KIMAB, and the dilatometer 
samples were then analysed by light optical microscopy (LOM), Electron Backscatter 
Diffraction (EBSD) and microhardness tests. 

3.1.1 Standard dilatometry 

The samples for the present study were taken from the abrasion resistant steel, 
Hardox 450, as it yields a fully martensitic microstructure after hot rolling and 
quenching with a unique combination of high hardness and strength with excellent 
impact toughness. The chemical composition of the material is shown in Table 4. One 
sample was kept as reference whereas the rest were subjected to dilatometry. There 
were 20 samples in total. 

The dilatometry experiments were performed in a quenching dilatometer DIL 
805A from TA instruments using quartz (SiO2) measurement system. The dilatation 
is measured in relation to the original length of the sample and has an accuracy of 50 
nm. Thermocouples are spot-welded onto the sample surface, see Figure 10 for details 
from the deformation dilatometry experiments. The specimen was heated in the 
dilatometer with induction when the atmosphere is held to vacuum 10-4 bar. Cooling 
is done with helium gas. The samples were 4 mm diameter cylinders with 10 mm 
length that have been cut from the middle of a 6 mm thick Hardox 450 plate in rolling 
direction (15 pc.) and transverse direction (5 pc.). The samples were first heated to 
890 °C with 10 °C/s and then austenitized for 2 min with subsequent cooling to room 
temperature. Cooling rates (CR) used were 5, 20, 40, 60, 80 and 100 °C/s. All samples 
were cut, cast in Struers’ Polyfast (Bakelite with carbon filler), ground and polished 
for further analysis. 
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Table 4. The chemical composition of the test material Hardox 450 in the standard 
dilatometry experiments. 

Element 
Wt.% 

C Si Mn P S Cr Ni Mo B 
0.19 0.70 1.60 0.025 0.010 0.25 0.25 0.25 0.004 

Three samples were chosen for EBSD-analysis, they are called CR60, CR100 
and reference. The CR60 and CR100 samples were chosen for EBSD analysis due to 
the formation of fully martensitic microstructures. 

3.1.2 Deformation dilatometry 

Differential deformation dilatometry was performed in a Bähr DIL 805D 
employing an aluminium oxide (Al2O3) measurement system. The sample is held 
between two holders made by Al2O3 with a force of 200 N which never changes 
throughout the test. The deformation is controlled by hydraulic pressure. The 
dilatation is measured in relation to the original length of the sample and has an 
accuracy of 50 nm. Figure 9 shows time, temperature and deformation graph for 
cooling rate 100 °C/s. Thermocouples are spot-welded onto the sample surface, see 
Figure 10 for details. The dilatometer heats the specimen with induction when the 
atmosphere is held to vacuum 10-4 bar. Cooling is done with helium gas. The samples 
were first heated to 890 °C with 10 °C/s and then austenitized for 30 s. Thereafter the 
samples were subjected to deformation of 0, 5, 10 and 50 % respectively with 
deformation rate 10 mm/s. They were then cooled down to room temperature (RT) by 
100 °C/s which in previous experiments have been determined to yield a suitably 
martensitic structure. 

The cylindrical specimens are cut and turned from a 6 mm thick strip after hot 
rolling, quenching and levelling. The sample size is 5 mm in diameter and 10 mm in 
height. The surfaces are plane parallel and flat. 

3.1.3 Cyclic testing 

Six samples were subjected to cyclic testing. The samples were heated from RT 
to 890 °C with 10 °C/s, hold time used was 2 min at 890 °C, after that the samples 
were quenched with 100 °C/s down to RT. Three of the samples had no hold time at 
RT and the others had 2 minutes hold time at RT. Same equipment as in section 3.1.1 
was used for the cyclic testing. 
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Figure 9. Time, temperature and deformation scheme in the deformation dilatometer 
tests performed at Hardox 450. 

 

Figure 10.  The setup of the deformation dilatometer. The sample is held between 
Al3O2 and thermal elements are attached to the sample surface. Induction heating is 
used. 

3.2 EBSD-analysis 

The EBSD measurements were performed using a field emission gun scanning 
electron microscope (FEG-SEM) from Zeiss, named Ultra 55. SEM gives high 
resolution and greater depth of focus thus is the study of surfaces at higher 
magnification possible and surface topography can be studied in low magnification. 
For EBSD analysis, only the incident electrons that are deflected more than 90 degrees 
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used, they are called backscattered electrons. A phosphor screen collects the 
backscattered electrons and the screen is coupled to a compact lens which focuses the 
image from the phosphor screen onto a CCD camera. Escaping electrons may exit 
near to the Bragg angle and diffract to form Kikuchi bands which correspond to each 
of the lattice diffracting crystal planes. Data acquisition and post-processing of 
crystalline data were performed using HKL Channel 5 software from Oxford 
Instruments. The step size used for each sample was ~0.2 m. The area for EBSD 
analyses was chosen to be 100 m wide and about 80 m high, the surfaces were in 
the rolling direction. The solving routine in the software sometimes cannot separate 
different electron backscatter patterns (EBSP) due to the presence of high amount of 
lattice defects. These defects come from heavily deformed grains and substructure [3].  

The aim of the EBSD analysis was to compare samples that only have been hot 
rolled, quenched and levelled with those subjected to dilatation tests, see section 5.1.1. 
Four of the used CRs resulted in fully martensitic steels, these were; 40, 60, 80 and 
100 °C/s respectively. Three of the martensitic samples were chosen and are hereafter 
named CR60, CR100 and reference. 

3.3 Light optical microscopy 

Both standard- and deformation dilatometry samples were analysed in LOM. 
The LOMs used in the present study is a Leica DRM and an Olympus BX51M. The 
lateral resolution is 0.3 m and the depth of field is small in these LOMs. In 
combination with etching, this is a fast technique to get good information about the 
samples microstructure and surface.  

3.4 Hardness 

Micro Vicker hardness measurements were performed on the dilatometry 
samples using a Matsuzawa MXT 50 automatic digital micro hardness tester equipped 
with a diamond tip that is pressed down into the material with a predetermined load. 
Load used was 500 g/ 1 kg. The diagonals of the impressions made are measured and 
the hardness is calculated from these values. 

The measured hardness values can also be compared with an empirical model, 
see Eq. (4) 

 (4) 

where C represents the carbon content in Hardox 450 [26]. Using Eq. (4), the hardness 
value for the tested steel becomes 449 HV.  
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CHAPTER 4 - Modelling Martensite 
 

 

4.1 Transformation temperatures for carbon steels 

Modelling of microstructure development in steels is of great importance for 
predicting steels’ mechanical properties, manufacturing process etc. The models need 
to be implemented in simulation tools that can simulate whole production processes. 
This focus limits the resolution that a model can have. It is not possible, as an example, 
to use cellular automata or phase field models for simulating the transformation [27].  

It has previously been stated that undercooling is a variable related to driving 
forces for thermal driven martensite formation. Section 4.1 gives empirical relations 
for martensite start temperature. They give the parameters needed by the classical 
Koistinen and Marburger model described in section 4.2 applicable for thermal driven 
transformations. Section 3.3 tells about the influence that prior deformation has on the 
Ms temperature. 

The martensite transformation temperatures Ms and Mf are important as the 
driving force due to undercooling is related to this temperature. The experimental 
value for Hardox 450, see Paper I and Paper II, can be compared with analytical values 
calculated from empirical formulas. Suikkanen et al. [26] propose  

  
(5) 

Another example is Eq. (6) from [23] 

  (6) 

Also, Pickering [28] has one example of an empirical relation between the chemical 
composition and the martensite start temperature, 

  
(7) 
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where C, Mn, Cr, Mo, Ni, W, V, Cu, Co, N and Al are alloying elements. Pickering 
[28] has also formulated an empirical relation between chemical composition and 
formation temperature due to 30 % strain, Md30. This is the temperature at which 50 
% martensite is created for a plastic strain of 30 %.  The empirical relation is written 
as, 

(8) 

4.2 Classical Koistinen-Marburger model for martensite formation 

The Koistinen and Marburger equation (K-M), Eq. (9), was proposed 1959 [22] 
and describes the volume fraction of martensite as a function of temperature since 
martensite formation from austenite is a non-diffusive process. Koistinen and 
Marburger [22] used an X-ray method to analyse samples subjected to dilatometry. 
From the results, austenite fraction and Ms was measured and calculated. An equation 
was then fitted to the data. Harris and Cohen [29] had earlier done the fitting to some 
data, but their own analyses and own model of the retained austenite fraction was too 
low. Both models can be seen in Figure 11 and the K-M equation is written as 

  (9) 

where T is the temperature during cooling, k is a material property that depends largely 
on; the difference in entropy of the two phases, as well as on the composition of the 
alloy, the crystallography of the martensite habit plane, and the cooling rate.  is the 
amount of austenite at the beginning of the martensitic transformation [30]. 
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Figure 11. Experimental data plotted on semi-logarithmic coordinates and the 
empirical equation derived by fitting a straight line to these points. Harris and 
Cohen’s [29] data and their proposed equation for austenite fraction, also shows in 
the graph, from [22]. 

The martensite finish temperature Mf can be used to calculate the parameter k. 
When Mf is reached, the common case is that Mf is associated with a fraction of 99 % 
martensite and Ms corresponds to 1 %. Then Eq. (9) gives  

  (10) 

Only during cooling and below Ms, austenite will decompose to martensite which 
can be described by the following expression 

  (11) 

where  is the Heaviside function. Thus  is only nonzero when the 
temperature is within (Mf , Ms) and during cooling as <0. The K-M can then be 
rewritten in rate form as [30] 

   (12) 

Oddy [31] simplified the K-M model for numerical implementation to Eq. (16) 
where the difference in austenite fraction for each temperature step is calculated 
instead for the fraction of martensite. Thus, instead of calculating every 
transformation rate of the possible product phases, the decrease of austenite is 
calculated by using 

  (13) 

where  is the austenite fraction. The time derivative becomes 
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  (14) 

and the K-M equation is rewritten as 

   (15) 

Eq. (15) thus describes the austenite fraction which exists when the temperature go 
below Ms. The austenite decomposition then becomes 

   (16) 

where  is the incremental change in austenite fraction,  is the current 
austenite fraction, k is a material constant and T represents the temperature [31]. This 
simplified approach works well both for fraction calculations and when it is connected 
with strains [32]. 

Maalekian and Kozeschnik [21] have successfully developed a model that proves 
that Ms in eutectoid steels increases linearly with applied uniaxial compressive stress, 
see Eq. (17). Thus, the theory of Patel and Cohen about the promotion of martensitic 
transformation under uniaxial stress, based on macroscopic shape deformation, can be 
used to predict the change in the kinetics of the martensite transformation in eutectoid 
steels. However, this model does not account for deformation at high temperature 
when the material is austenitic [33]. 

   (17) 

Here Ms,0 is the temperature where the martensitic transformation starts if no 
compressive stress  is applied. The parameter c with unit K/MPa was in [21] 
determined to be 0.1 (calculated from Eq. (5) in reference [21] 

) and is calculated from the difference in free energy of the 
austenite-martensite reaction and the mechanical driving force. Denis et al. [34] 
discusses results from various researchers concerning the effect of stresses on 
martensite formation. They also indicates values for the coefficient c. 

 4.3 Prior deformation’s influence on Ms 

Plastic deformation at high temperature will not trigger martensite formation 
directly as mentioned previously in section 2.3. An externally applied stress state 
during the transformation also affects as it adds a mechanical driving force [35]. 
Tsuzaki et al. [36] found seven references believing that a shear stress applied above 
martensite start (Ms) advance the martensitic phase transformation due to a 
mechanical addition in driving force, which lower the need of chemical driving force. 
Factors that affect the Ms temperature are chemical composition [37], grain size [38], 
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cooling rate [39], applied elastic stress [35] and defects [40]. From Kaufman and 
Cohen [41], it is known that the Ms temperature can be varied by applied stress, thus 
Patel and Cohen [35] utilised the effect of applied stress to demonstrate the interaction 
of mechanical energy with the thermodynamics of martensite reactions. The acting 
stress system is resolved into components parallel to the shear and dilatational 
displacements of the transformation, being respectively parallel and normal to the 
habit plane. The mechanical work done on or by the transforming region, as the 
resolved components of the acting stress are carried through the corresponding 
transformation strains, is added to the chemical free energy change of the reaction in 
order to compute the alteration in temperature at which the critical value of the driving 
force to start the transformation is attained. The Ms is either raised or lowered 
depending on whether the mechanical work aids or opposes the chemical driving 
force. The properties of the stress field decide the growth direction of the bct crystal 
and the amount of carbon in the steel determines its degree of tetragonality.  

Plastic deformation of the austenite, ‘prior deformation’, has two opposing 
contributions. The developed dislocation structure may cause additional nuclei and 
lower the energy barrier for martensite formation. According to Nikravesh et al. [39], 
the martensite formation in predeformed condition needs more driving force than in 
undeformed condition because Ms depends on austenite strength. Strong defects, as 
grain boundaries, sustains coordinated movement of atoms. Also, dislocations hinder 
displacive transformations but they can also be incorporated into the martensite 
lattice. The motion of glissile interfaces becomes impossible if the strain in the 
austenitic phase becomes sufficiently large, which blocks the martensite 
transformation. This is called mechanical stabilising of austenite (MSA) and results 
in the need of more driving force to continue the martensite transformation, thus 
decreased Ms. However, some studies show that Ms is increasing by applying hot 
deformation [42, 43]. The Olson-Cohen model [17] for strain induced martensite 
formation assumes that shear band intersections are nuclei sites for martensite 
formation. However, the plastic deformation hardens the austenite and thus makes it 
more stable [44, 45] and then it counteracts the martensitic transformation as its shear 
and volume increase requires a plastic accommodation in the austenite. Thus the 
increase in dislocation density gives more nucleation sites but also increases the flow 
stress of austenite. Increased dislocation density also enhances the driving force for 
recrystallization and if this is triggered then the resulting smaller grains also reduce 
the martensite start temperature [46]. Thus, prior plastic deformation can both 
promote and retard the martensitic transformation. Naderi et al. [47] concluded that 
long soaking time have an opposite effect on the Ms temperature than in reference 
[46]. Their results show that coarser prior grain size decreases the Ms temperature. 

According to Ashby [48], uniaxial deformation of polycrystalline materials 
sometimes lead to pile-up of geometrically necessary dislocations (GND) at grain 
boundaries and also randomly distributed dislocations within the grain. At large 
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deformation, these randomly distributed dislocations can rearrange and form 
subgrains in the grain interior. Kaufmann and Cohen’s [41] research tells that at high 
temperature some of the martensite embryos already pre-exist and that they freeze 
during the quenching process and becomes supercritical first at Ms temperature. These 
martensite embryos may be located at or very close to the austenite grain boundary. 
The embryo needs to contain a critical amount of dislocations inside to be sufficiently 
potent to transform to martensite [49]. The growth of the embryo requires creation 
and expansion of new parallel dislocation loops [50]. In Figure 12 there is an 
illustration of the pile-up of GND at an austenite boundary shown for a) small 
deformation and b) large deformation. The martensite embryo is the white solid ellipse 
and it is surrounded by geometrically necessary dislocations developed at the austenite 
grain boundary after deformation. The martensite lath, here shown as a grey rectangle, 
is in a) at small deformation, impeded by the austenitic grain boundary, and in b) it is 
at large deformation stopped by a subgrain boundary The potency of an embryo, that 
is minimum chemical driving force for activation of growth, may increase due to the 
pile-up of GNDs at the austenite grain boundary. The pile-up of GND can increase 
the Ms temperature while the formation of subgrains will decrease it [51]. 

Martensite formation is thus connected to the fraction of pre-existing potent 
embryos for activation at nucleation sites, denoted  which is temperature dependent 
and also depends on the initial fraction of martensite embryos  with critical potency 
at a certain temperature (T0), the Boltzmann constant k and the activation energy  
for a heterogeneous nucleation of martensite at the austenite grain boundary.  and 

 are also affected by strain due to the creation of GNDs.  is expressed as  

The minimum chemical driving force for a pre-existing embryo to activate is the 
potency of an embryo. The potency of an embryo depends on its size, shape, 
orientation, and also the grains dislocation density and dislocation mobility [52]. 

 

 

 

  (18) 
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Figure 12. The images show the fundamentals of martensite growth in an austenitic 
grain when the material is deformed about a) 5 % and b) 25 %, from [51]. 

Maalekian and Kozeschnik [21] investigated the promotion and retardation of 
martensitic transformation due to added stress. At T0 the stress-free austenite and 
martensite have the same free energy. The martensite transformation starts when the 
critical driving force  is reached, see Eq. (19). Stress predicts to add mechanical 
work, a mechanical driving force  to the chemical free energy change . 

  (19) 

 is the difference in energy caused by the misfit in the crystal.  is 
described by the external stress that results in a macroscopic shape change. 

  (20) 

 is the normal stress and  is the dilatational shape component.  is the shear stress 
resolved on the habit plane and  is the transformation shear strain and is assumed to 
be positive, thus the sign before   is due to tension or compression. For uniaxial 
stress  the mechanical driving force can be expressed as 

  (21) 

where the normal to the habit plane and the applied stress differ by angle  and the 
shear direction differ to the maximum shear direction with angle . Uniaxial stress 
will always give rise to an increase in the transformation temperature for displacive 
transformations. 

b)a)

GND:

Subgrain
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4.4 Transformation induced plasticity (TRIP) 

Transformation induced plasticity (TRIP) is an effect caused by the varying 
orientations of the crystal structure together with an external/internal stress. It has two 
parts; an accommodation effect due to the volume increase, the Greenwood-Johnson 
mechanism, where micro-plastic strains are generated in the weaker phase [53] and 
an orientation effect due to the shear stresses, the Magee mechanism, which affects 
the overall shape of the body [54]. TRIP is often defined as [55] “a significantly 
increased plasticity during a phase change at a stress lower than normal yield stress”. 
The model by Leblond [54, 56] see Eq. (22), does not include the Magee mechanism 
effect. There is a hypothesis that the Magee effect is negligible.  The softer phase has 
to adapt to the harder phase during the phase transformation because of the changes 
in volume and in shape of the lattices. The stresses  0 caused in the softer phase
results in microplastic yielding which do not average out to zero when a macroscopic 
stress is applied [54].  Transformation-induced plasticity and  can be described 
by  

(22) 

where the deviatoric stress tensor is represented by Sij and the phase fraction is  of
the product phase k (k=2: ferrite, k=3: pearlite, k=4: bainite, k=5: martensite). The 
volume change due to a phase transformation from austenite to the product phase k, 

is given by the factor .  is the yield stress according to Von Mises

and  is the yield stress of austenite. h is a correction function from Leblond [56]
that accounts for the nonlinearity with respect to the applied stress.  

When a soft phase transforms to a hard phase it causes volume differences 
between them which raises a local stress state. These stresses orient the crystal into a 
macroscopic strain (observable). Volume changes can be measured through 
dilatometry but the fraction of every phase need to be modelled. The stress tensor is 
based on the applied stress (deviatoric part). 

Thus an additional strain rate is added to the total strain rate when an external 
stress is applied during the martensite formation. It is 

(23) 

where is the volumetric transformation strain due to the difference in the volume
between the austenite and martensite phases.   is the rate of martensite formation.
Temperature variations due to the thermal expansion of the new phase in the old one 
cause microscopic plasticity. These are however much smaller than the plasticity 
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caused by variations of phase proportions. If the applied stress is higher than the 
macroscopic stress, the condition for TRIP is not fulfilled and ordinary plasticity 
theory applies instead. 

  (24) 

or expressed in effective stress and strain, 

  (25) 

where, 

  (26) 

includes both plastic accommodation and orientation effect,  is a heuristic function 
depending on martensite fraction,  and stress state . At low load level the 
orientation effect accounts for more than 50 percent of total TRIP-strain. The 
orientation effect does not vary much with respect to stress level and that justifies the 
use of K in Eq. (24)  is described by 

  (27) 

where  and  are the yield limit of austenite and martensite phases.  in Eq. 
(27) is transformation shear strain (see the magnitude for respective strain in the last 
paragraph of section 4.3) including some self-accommodation [55]. In case of 
kinematic hardening the backstress, , can be used to reduce the deviatoric stress, 

 [55]. 

  (28) 

4.5 Modelling of thermal and transformation strains 

Isotropic transformation strains and thermal strains only cause change in volume, 
because the hydrostatic fraction of the strains and stresses are the only ones that are 
influenced, this gives the expression 

 (29) 
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where the average lattice constants an at the start and end of time step  are 
determined by the fraction of microstructures and the lattice constants of individual 
phases participating in the phase transformation.  is the Kronecker delta which has 
the function of being 1 if i and j are the same, otherwise the value is 0. 

Thermal strains resulting from phase transformations and temperature change 
can be calculated from the lattice parameters in nanometers [nm] given by Eqs 31-36. 
They are taken from [57].  

   
(30) 

  (31) 

  (32) 

Here AC,A/M is the amount of carbon in the phases, T is the temperature in °C and the 
parameters  are given in Table 5.  are the thermal expansion coefficients 
for austenite/martensite given by 

  (33) 

  (34) 

Xiao et al. [58] came to the conclusion that steels with carbon content lower than 
18 % have a bcc structure (> 18 % gives a hcp crystal structure) when they are 
martensitic and the martensite has a lattice parameter according to  

  (35) 

However in this work, the lattice parameters seen in Eq. (30-32) have been used to 
model dilatation. Dilatation contains both thermal expansion of the lattice and 
expansion caused by phase transformation. A linear mixed law between the 
contributions is 

   (36) 

where  is the fraction of austenite,  is the lattice strain in the austenite crystal due 
to temperature,  is the fraction of austenite and  the lattice strain in the martensite 
crystal due to temperature. 
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CHAPTER 5 - Results and discussion 
 

 

5.1 Effect of martensite formation on strain 

Martensite formation causes a global volume change, a transformation strain. 
Thermal-elastic-plastic-metallurgic behaviour needs a model that takes all this into 
account. Behrens and Olle [59] have validated a material model for simulation of hot 
stamping using both isotropic transformation strains and transformation induced 
plasticity. Their model accounts for the assumption of plane stress in shell elements. 
The formation of martensite is described by the K-M equation, see Eq. (29) and the 
deformation’s influence is described by elastic-, plastic-, thermal- and transformation-
strains. The strain increment  is described by the sum of the elastic (el), plastic 
(pl), transformation-induced plasticity (tp), thermal (th) and volumetric 
transformation (trv) strains by 

 (37) 

The first term is related to Hooke’s law and the second to the flow stress of the 
material. They have not been elaborated in this thesis. The model for transformation 
plasticity is given in section 4.4. Some of the strain increments are measured and some 
are calculated from the dilatation measurements. The force is measured and thus 
provides the added stress which together with the materials elastic modulus will give 
the elastic strain. The thermal strain can be calculated from the lattice parameters 
dependency of temperature if the thermal expansion coefficient is known (can be 
gained from the dilatometry experiments). Magnetic martensite can be measured with 
special equipment and if the effect on volume is known, it is possible to calculate the 
transformation strain. However, the rest needs to be calculated from models. It is not 
possible to measure plastic strain during dilatation, but after unloading and cooling if 
no phase transformation occurs it can be measured. The last three terms are related to 
the martensite formation and are described in section 4.5. 
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 5.2 Calibration of chosen models and characterisation 

The dilatometry tests performed in the project have determined the Ms 
temperature for Hardox 450 to be 435 °C. The dilatation curves confirm the 
transformation temperatures for respective sample and respective cooling rate, see 
Figure 13. Also, has the material constant k in the K-M equation been determined. For 
a complete stress-free state, the Mf temperature can be used to calculate k, which in 
the dilatometry tests have been calculated to an average of 0.024. The cooling curves 
are in Figure 14 plotted by temperature versus time. The high cooling curves have a 
small hump just below Ms which comes from latent heat. This transformation heat 
slows down the martensitic transformation and causes autotempering [33]. 

 

 

 

Figure 13. Dilatometry curves for the various cooling rates showing the 
transformation progress. 

Table 5. Influence of alloying elements on lattice parameter coefficients for ferrite 
and austenite, from [57]. 

 Mn Si Ni Cr Mo 

 6.0 x 10-5 -3.0 x 10-5 7.0 x 10-5 5.0 x 10-4 3.1 x 10-4 

 1.0 x 10-4 0.0 -2.0 x 10-5 6.0 x 10-5 5.3 x 10-4 
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Figure 14. CCT-diagram for Hardox 450 constructed by dilatometer test data. 

 

 

Figure 15. Models and experimental curves of phase transformation from austenite 
to martensite in Hardox 450, a low alloyed carbon steel. 

 

In Paper I, the experimental dilatation curve using cooling rate 100 °C/s is 
compared with two models for thermal strains connected with a model for martensite 
fraction, see Figure 15. The simplified incremental (S-I) model is based on the K-M 
equation. This model is incremental and do not need to store the initial austenite 
fraction at start of the transformation for the current cooling cycle. It uses the current 
austenite fraction in the equation and is therefore simpler to implement. Thus it is 
easier to handle multiple cyclic heating/reheating as well as cases with incomplete 
austenitization. Eqs. (16), (31)-(36) have been used for the S-I model, and the thermal 
elongation from the experiments was used for the modified S-I model. The equations 
are thus satisfying but the evaluation with experiments gives better fitting. The 
comparison between the models shows that the latter model works equally well. 
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Dilatometry experiments with deformation were performed to see the influence 
of deformation on the martensitic phase transformation, see Paper II. Simulation of 
rolling and subsequent quenching of martensitic steel plates requires a model that can 
account for previous deformation, current stresses and the temperature history. The 
deformation is added after 30 s of austenitization at 890 °C the load is then released 
and the steel is directly quenched to room temperature. The experimental result shows 
that deformation by compressive uniaxial stresses impedes the martensite 
transformation. The highest martensite start temperature is gained for the sample not 
subjected to deformation. The simplified incremental model works well for 
deformation with 5 % and 10 %. However, the waviness in the experimental curve for 
deformation 50 % is very hard to fit due to large barrel effect and the large relative 
heat expansion for the material that the sample holders are made of. 

 

   

   

Figure 16. Light optical micrographs showing typical microstructure in the samples 
subjected to deformation dilatometry for each deformation. The images show the 
microstructure in rolling direction, a) 0 % deformation b) 5 % deformation c) 10 % 
deformation d) 50 % deformation. From Paper II. 
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The microstructure analysis clearly shows that increasing deformation refines 
the martensitic structure, see Figure 16. The results of deformation’s influence on 
hardness, in both rolling direction and in transverse direction, is found in Paper II. 
Increasing deformation lowers the hardness in the transverse direction almost linearly 
with the amount of deformation. The hardness level is about 10 HV higher in 
transverse direction compared to the rolling direction. The deformation effects the 
hardness differently in rolling direction, here the hardness decreases about 15 HV for 
5 % deformation and then increases for 10 % deformation. The hardness level is the 
same for no deformation and 50 % deformation. 

The microstructure analyses of the samples in Paper I showed no differences 
between the samples for CR 40 °C/s to 100 °C/s, the microstructure is martensite. CR 
5 °C/s and 20 °C/s shows a mixture between ferrite and bainite. The hardness value 
differs about 30 HV for the martensitic samples. One reason for the difference in 
hardness could be the grain size or the developed substructure in the samples. Figure 
17 shows the dilatometry curves for one CR100 sample heat treated in the dilatometer 
in two cycles. The heating and cooling were done exactly the same in both cycles, no 
hold time at room temperature. The cooling curves are adjusted to match each other 
so that the variation during heating can be visible. It can be observed that there is a 
slight reduction in slope in the first cycle as compared to the second cycle at around 
300 °C as shown by an arrow in Figure 17. This can be correlated to the presence of 
carbides in the as-received condition, which thus is the same state as in the reference 
sample used for the EBSD analysis in Paper III. 

 The amount of austenite formed during heating for the first and second cycle 
were calculated using the lever rule with linear relationship for the dilatation between 
600 °C to 720 °C. It can be observed that the rate of austenite transformation at early 
stages is lower in the first cycle than in the second. After about 5-10 % transformation, 
the conversion rates will be approximately the same. A reasonable explanation for this 
behaviour is that carbides are formed after coiling of the hot rolled as-received steel 
and they impede the transformation to austenite. In the second cycle, there is no time 
for carbides to form before the temperature starts to increase. Thus, there are no 
available nuclei for carbide formation at 300 °C and carbide formation does not occur. 
Later when the transformation to austenite begins, there are no carbides which can 
impede the transformation. 

These results indicate that the presence of carbides affect the formation of 
austenite and also the mechanical properties of the steel. The hardness measurements 
for the reference and dilatometry samples as shown in Figure 13 in Paper III. There 
are differences in hardness between the reference and the dilatometry samples. The 
hardness values decrease from the reference condition to dilatometry samples due to 
presence of more carbides in the reference sample. The reason for the higher hardness 
in the reference sample is connected to the coiling of the steel sheet after quenching. 
The hardness difference between the reference sample and CR100 can be attributed 
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to the carbides. The hardness difference between the reference sample and CR60 is 
the effect of the carbides and the coarser substructure i.e. larger mean free path for 
dislocation slip. 

In Paper III, the parent austenite grains from the martensitic structure of Hardox 
450 was investigated. The nearest cooling rate by dilatometer which yields similar 
orientation relationship and substructure as the reference sample was found to be 100 
°C/s (CR100). The CR100 and reference samples are relatively similar and their band 
contrasts show a distorted microstructure, which indicates strong deformation caused 
by the phase transformation i.e., martensitic lath structure and substructure. CR100 
and the reference sample have finer laths and more substructure as compared to the 
CR60 sample. This can be attributed to differences in plastic deformation of the 
austenite due to temperature gradients combined with the successive growth of 
martensite from the cooled surface. A lower cooling rate gives smaller temperature 
gradients and consequently, the austenite in the centre of the specimen is strained (the 
harder phase deforms the softer phase) at lower temperatures (compared to the 
surface) due to martensite formation. Kurdjumov-Sachs (K-S) orientation relationship 
(OR) was used to reconstruct the parent austenite grain boundaries from the martensite 
boundaries in both reference and dilatometry samples using EBSD crystallographic 
data. The parent austenite grain boundaries were successfully found and the 
corresponding grain sizes were measured. 

Figure 18 a), b) and c) show the parent austenite grains with misorientation 
between 15° and 48° which are marked with black colour for each sample in the band 
contrast images. The boundaries between different variants of orientation-relations 
according to K-S have been determined by comparing high angle grain boundaries 
(HAGB) with the variants that K-S predicts in respect to misorientation and the 
rotation of the axis.  

 

Figure 17. Dilatometry curves for a sample heat-treated in two cycles. It can be 
observed that there is a slight reduction in slope in the first cycle as compared to the 
second cycle at around 300 °C, as pointed out by the arrow, from Paper III. 
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Figure 18 d), e) and f) show the parent austenite grains, also drawn in black, 
according to K-S OR ±10° for all samples. The results show that boundaries within 
15° to 48° angels are parent austenite grain boundaries due to their grain size and 
shape.  

Figure 18. In a), b), and c) the martensite boundaries with misorientation within 
15°-48°, marked with black colour in the band contrast image, are boundaries 
between martensites of two different parent austenite grains and are considered as 
parent austenite grain boundaries. In d), e) and f) the parent austenite grain 
boundaries are drawn in black, according to orientation relationship Kurdjumov-
Sachs ±10° for all samples. From Paper III. 
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CHAPTER 6 - Summary of appended papers 
 

 

6.1 Paper I 

This conference paper focused on the phase transformation from austenite ( ) 
to martensite (  which is a diffusionless transformation where carbon atoms are 
trapped in the crystal. The classic Koistinen-Marburger equation for martensite 
formation was compared with a slightly modified version. The latter version does not 
require the storage of initial austenite fraction at the start of martensite formation. 
Thus it is easier to handle multiple cyclic heating/reheating as well as cases with 
incomplete austenitization. The comparison between the models showed that the latter 
model works equally well. Furthermore, two variants of modelling the volume 
changes during the cooling have been compared. One is based on literature data for 
the dependence of the lattice parameters of each phase versus temperature. The other 
is more empirical and must be calibrated versus the test. The first one was found to 
work quite well but the latter is preferred as it gives a better accuracy. The models for 
martensite formation, as well as associated thermal strains, are applied on Hardox 450. 

6.2 Paper II 

In this work, dilatometry experiments were executed with various amount of 
deformation. Simulations of rolling and subsequent quenching of martensitic steel 
plates requires a model that can account for previous deformation, current stresses and 
the temperature history. The classical Koistinen and Marburger equation is only valid 
for the quenching part. A stress component can be added to the K-M equation which 
influences the Ms temperature, this can however only be applied when the sample is 
subjected to load during the cooling and phase transformation. The scope of the Paper 
II was therefore to include the effect of deformation prior to the cooling when the 
sample is austenitic.  The deformation was added after 30 s of austenitization at 890 
°C the load was then released and the steel was directly quenched to room 
temperature. The experimental result showed that deformation by compressive 
uniaxial stresses impeded the martensite transformation. The highest martensite start 
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temperature was gained for the sample not subjected to deformation. The simplified 
incremental model (Paper I) worked well to describe the phase transformation for 
deformation with 5 % and 10 %. However, the waviness in the experimental curve for 
deformation 50 % was very hard to fit due to large barrel effect and the large relative 
heat expansion for the material that the sample holders are made of. 

 

6.3 Paper III 

This work mainly aimed to investigate the parent austenite grains from the 
martensitic structure in an as-rolled (reference) steel sample and samples obtained by 
quenching at different cooling rates using dilatometry. Crystallographic 
reconstruction of parent austenite grain boundaries from the martensitic 
microstructure was carried out using EBSD. Subsequently, this study also correlated 
the nearest cooling rate by dilatometry which yields similar orientation relationship 
and substructure as the reference sample. The Kurdjumov-Sachs orientation 
relationship was used to reconstruct the parent austenite grain boundaries from the 
martensite boundaries in both reference and dilatometry samples using EBSD 
crystallographic data. The parent austenite grain boundaries were successfully found 
and the corresponding grain sizes were measured. The parent austenite grain 
boundaries of the reference sample match the sample quenched at 100 °C/s (CR100). 
Also, the martensite substructures and crystallographic textures are equal in these two 
samples. The results from the hardness measurements show that the reference sample 
exhibits higher hardness than the CR100 sample. The reason for this is the presence 
of carbides in the reference sample. 
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CHAPTER 7 - Conclusions 
 

 

The simplified implementation of the Koistinen-Marburger model is used to 
compute strains and it matches the experimental results well. The empirical equations 
for martensite start temperature, lattice parameters and heat expansion coefficients 
can be used to compute thermal strains with quite accurate results for Hardox 450. 

The experimental results show that deformation by compressive uniaxial stresses 
impedes the martensite transformation. 5 and 10 % deformation lowers the Ms 
temperature with a few degrees than if no deformation. Straining above 10 % also 
impede the martensite formation but the deformation’s influence decreases and levels 
out. The fitting of the simplified incremental model works well for deformation with 
5 % and 10 %. 

The sample holders made by aluminium oxide have a large relative heat 
expansion for the material and this affects the shape of the curves. It is clear that 
standard dilatometry can be used to find transformation temperatures but deformation 
dilatometry should only be used to find temperature increases or decreases of the 
transformation temperatures. 

One main difference between the as-received reference sample and the 
dilatometry samples is the amount of existing carbides, which affects the hardness. 
The reconstruction of parent austenite grain boundaries with Kurdjumov-Sachs 
orientation relationship between martensite and austenite shows that the dilatometry 
sample cooled by 100 °C/s is in general identical with the reference sample when it 
comes to different types of high angle grain boundaries. 

The frequency of found parent austenite boundaries for the respective sample is 
most frequent between 15° and 48°. The dilatometry sample CR60 shows a less 
distorted misorientation distribution in the area where the majority of martensite 
boundaries are found. The EBSD images also show coarser substructure in this sample 
as compared to the other two. 

The reconstructed parent austenite grain boundaries in the reference sample 
showed no significant flattening due to rolling, thus implying fully recrystallized 
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structure before quenching. Similar austenite grain sizes (HAGB) were found in all 
samples. The substructure in CR100 and the reference sample were of equal size 
considering LAGB. 
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CHAPTER 8 - Future work 
 

 

Gleeble experiments will be performed and analysed in order to determine 
appropriate flow stress models for use in the modelling of the quenching of Hardox 
450. The TRIP-effect on residual stresses should also be investigated. The 
experiments will be performed by the University of Oulu, Finland. 

The coupled phase transformation- and flow stress models will be implemented 
and used in simulations of the hardening step. 

Simulation of a steel sheet that is rapidly cooled, both homogeneous and 
heterogeneous. Further development will include the effect of prior deformation and 
current stress on the martensitic transformation. 
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Abstract 

The standard implementation of the Koistinen-Marburger equation for martensite 
formation and a more convenient approach have been compared. The latter approach 
does not require the storage of initial austenite fraction at start of martensite formation. 
Thus it is simpler to handle multiple cyclic heating/reheating as well as cases with 
incomplete austenitisation. 

The comparison shows that the latter model works equally well for the martensite 
formation. 

Key Words: Steel, martensite, phase transformation, modelling, thermal strain

1. Introduction 

Use of high strength steels increases and with that demand. One approach for 
achieving this is to add a final quenching in the rolling mill where a martensitic 
structure is formed. This phase transformation from austenite ( ) to    martensite 
(  is diffusionless and carbon atoms are trapped in the crystal. This structure gives 
a material with high yield limit but it leads also to volume changes and residual strains 
and stresses. The current work is part of a project aiming at simulating the hardening 
processes of martensitic wear plates in order to predict residual stresses. The 
hardening process results in phase transformations, volume changes and flatness 
variations. In this paper, a simplified incremental modification of the classic 
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Koistinen-Marburger equation is evaluated, when modelling phase transformation and 
their effect on thermal strains at Hardox 450 a low alloyed 0.21C-steel. 

2. Theory

Martensitic phase has the same chemical composition as its parent phase and the 
driving force for martensitic transformation is undercooling, , which usually goes 
from temperatures above A3 to the martensite start temperature Ms where the 
transformation starts, see Figure 1. However, further undercooling down to the 
martensite finish temperature Mf is necessary for all austenite to transform. The crystal 
experiences shear as well as volume changes during the martensitic transformation 
[1]. 

Austenitising time is important for it affects the steels final properties. The austenite 
grain size as well as its deformation affects the transformation. Larger grains gives a 
higher martensite volume fraction and smaller grains give finer laths. Small fine laths 
increases the steels toughness [2]. 

The stress state affects the martensitic transformation, . Large tensile stress
promotes the martensitic transformation. The properties of the stress field decides the 
growth direction of the body centred tetragonal crystal and the amount of carbon in 
the steel determines its grade of tetragonality. Lattice parameters of the martensite 
crystal varies with carbon content and temperature. Carbon content also affects the 
required undercooling, see Figure 1 and [3]. Increasing carbon content offsets the 
equilibrium lines towards lower temperatures and higher Gibbs free energy [4, 5]. 

Formation of martensite and temperature gradients can promote high residual stresses, 
which can result in warping and cracking [6]. 

Figure 1. This diagram shows the influence of carbon content on Gibbs free energy 
G. From [7].
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3. The Koistinen-Marburger model 

Matlab™ is used to numerically compare the classic Koistinen-Marburger equation 
(K-M) with a simplified incremental model (S-I). The K-M equation, Eq. (1), was 
proposed 1959 [4] and it describes the volume fraction of martensite as a function of 
temperature. 

  (1) 

where T is the temperature, k is a material property and  is the amount of austenite 
at the beginning of the martensitic transformation [6]. Thus this value must be stored 
and updated when heat cycles are analysed. In a complete stress-free state, martensite 
finish temperature, Mf, can be used to calculate the material property k. In this paper 
Ms and Mf have been chosen to be the temperature where the martensite fraction is  
1 % and 99 % respectively and the temperatures are mean values from dilatometer 
tests of Hardox 450. These experiments gave a mean value for k to 0.025, using  
Eq. (2) 

   (2) 

4. Incremental formulation 

The S-I model is based on the K-M equation. This model is incremental and do not 
need to store the initial austenite fraction at start of transformation for current cooling 
cycle. It uses the current austenite fraction in the equation and is therefore simpler to 
implement. This is particular convenient for multiple temperature cycles and cases of 
incomplete austenitisation, see Eq. (3) [8]. 

   (3) 

where  is the incremental change in martensite fraction,   is the current 
austenite fraction, T(t+ t) and T(t) represents the next and current temperature 
respectively [8]. 

The martensite start temperature can quite accurate be calculated by Eq. (5). 

 

  
(4) 
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5. Model for thermal expansion 

Thermal strains resulting from phase transformations and temperature changes can be 
calculated by Eqs (5-(9). The models for the lattice parameters includes the thermal 
expansion coefficient, the effect of alloying elements and the amount of carbon in 
every phase. The equations for the lattice parameters are in nanometres (nm) [9]. 

   (5) 

  (6) 

  (7) 

Here AC,x is the amount of carbon in  phase x. x=A denotes austenite and x=M is 
martensite. T is the temperature and  is the thermal expansion coefficient for phase 
x which is given by Eqs (8), (9). Ai is the amount of alloying element for respective 

 that are given in Table 2 [9].  

  (8) 

  (9) 

Similar equations were given in Abbaschian [3] the coefficients differ only somewhat 
from those used here. 

The S-I model is used to compute thermal strains by Eqs (4-8) but also empirical 
equations for lattice parameters and heat expansions coefficients. 

The empirical equations for thermal expansion, calibrated versus current experiments, 
are shown in Eqs (10), (11). 

  (10) 

  (11) 

In Table 1, the Ms temperature and k value is listed for the different models. 
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Table 1. Ms are listed for the models. 

Model S-I Modified S-I Experiments 
Ms 432.6 400 432 
k 0.025 0.025 0.025 

Table 2. Influence of alloying elements on lattice parameter coefficients for ferrite 
and austenite. From [9] 

 

 

 

6. Measurements of thermal expansion 

Dilatometer tests were performed in a DIL 805 A/D at Hardox 450, a low alloyed steel 
that is fully martensitic after hot rolling and quenching. All but one of the cylindrical 
samples of size 4 x 10 mm was submitted to dilatometer tests. They were first heated 
to 890 °C with 10 °C/s and then austenitised for 2 min. Thereafter they were cooled 
with different cooling rates (CR) down to room temperature. Four of the used CR 
resulted in fully martensitic steels, these were; 40, 60, 80 and 100 °C/s respectively. 
Figure 2 shows the microstructure for the reference sample and the sample subjected 
to cooling with 100 °C/s. The dilatometer tests performed in the project has 
determined the Ms and Mf temperature for Hardox 450. Figure 4 shows time and 
temperature data for CR 100 °C/s. 

 Mn Si Ni Cr Mo 
 6.0 x 10-5 -3.0 x 10-5 7.0 x 10-5 5.0 x 10-4 3.1 x 10-4 

 1.0 x 10-4 0.0 -2.0 x 10-5 6.0 x 10-5 5.3 x 10-4 
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a) Reference sample 

 
b) Dilatometer sample, CR 100 °C/s 

Figure 2. Microstructure images of the reference sample and the sample subjected to 
the dilatation test with cooling rate 100 °C/s. 

 

7. Results 
The computed martensite fraction using the K-M and S-I models show only small 
differences when the temperature increment is large, see  

Figure 3a). They become identical when the number of increments increases.  
Figure 3b) shows the results using 1301 increments. Dilatation curves of the phase 
transformation for K-M, S-I and modified S-I models are shown in Figure 5. 
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a)  

 

b)  

Figure 3. Here the development in martensite fraction is compared between the K-M 
model and the S-I model. In a) the number of increments are 51 and in b) they are 
1301. 
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Figure 4. Time and temperature graph for cooling rate 100 °C/s.

 
Figure 5. Models and experimental curves of phase transformation from austenite to 
martensite in Hardox 450, a low alloyed carbon steel. 
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8. Discussion & Conclusion 

As can be seen in Figure 3 the classic K-M and S-I model is alike when the 
temperature steps are small.  

The S-I model is used to compute strains and it matches the experimental results well, 
see Figure 5. The sharp notch of the curves when martensite starts to form is due to 
the uniform conditions in the model. In reality martensite does not start to form 
everywhere at exactly the same time. The S-I model using calibrated coefficients 
naturally fits the experiment excellent. Using Eqs (4-8) from literature gives less good 
agreement.  

The models are sufficient accurate for the aim of the current project. The S-I model is 
simpler than the classic K-M model to implement in a general incremental solution 
procedure, such as used in finite element simulations.  

The conclusions can be summarised as; 

 

 The simplified incremental (S-I) model is chosen as basis for 
implementation. 

 The empirical equations for martensite start temperature, lattice parameters 
and heat expansion coefficients can be used to compute thermal strains with 
quite accurate results for Hardox 450. 

 

The next step will be to determine a flow stress model to be combined with the phase 
change model, to be used for computing the evolution of stress during cooling. 

 

Acknowledgements 

This project is sponsored and executed for SSAB EMEA who has provided material 
and knowledge to this project. 

I would like to thank my co-supervisor Göran Engberg for good discussions and 
programming aid. Special thanks to sponsors of SIFOS; Regional Development 
Council of Dalarna, Regional Development Council of Gävleborg, County 
Administrative Board of Gävleborg, The Swedish Steel Producers' Association, 
Dalarna University, Sandviken City. 

 



60 

 

References 

[1] M. Hillert, J. Ågren, and A. Borgenstam. Mikro och nanostrukturer i 
materialdesign. Kungliga Tekniska Högskolan, 2005. 

[2] H. Gungunes, E. Yasar, and T.N. Durlu. The effect of austenitizing time on 
martensite morphologies and magnetic properties of martensite in Fe-
24.5%Ni-4.5%Si alloy. Journal of Material science, 42(15):6102–6107, 2007. 

[3] R. Abbaschian and R.E. Abbaschian, L. and. Reed-Hill. Physical Metallurgy 
Principles. Cengage Learning, Stamford, USA, 4 edition, 2009. 

[4] D.A. Porter, K.E. Easterling, and M.Y. Sherif. Phase transformations in metals 
and alloys, 3ed. Imprint Boca Raton, Fla; London: CRC, 2009. 

[5] E.C. Bain. The nature of martensite. Trans. AIME., page 70:25–46, 1924. 

[6] W. PoRezaee-Bazzaz, M.A. Savi, P.M.C. Lopes Pacheco, and L.F. 
Guimaraes de Souza. Thermomechanical analysis of steel cylinders quenching 
using a constitutive model with diffusional and non-diffusional phase 
transformations. Mechanics of Materials, 42(1):31 – 43, 2010. 

[7] T. Miokovic. Analyse des Umwandlungsverhaltens bei ein- und mehrfacher 
Kurzzeithärtung bzw. Laserstrahlhärtung des Stahls 42CrMo4. Shaker, 2005. 

[8] A.S. Oddy, J.M.J. McDill, and L. Karlsson. Microstructural predictions 
including arbitrary thermal histories, reaustenization and carbon segregation 
effects. Canadian Metallurgical Quarterly, 35(3):275–283, July-September 
1996. 

[9] M. Schwenk, J. Hoffmeister, and V. Schulze. Experimentally validated 
residual stresses and distortion prediction for dual frequency induction 
hardening. International Journal of Applied Electromagnetics and mechanics, 
44(2):127–135, 2014. 

 



61 

 

 
 

 

 

 

PAPER II 
 

 

Influence of prior deformation in austenite on the martensite 
start temperature in a low alloyed carbon steel 

 

 

 

 

 

 

 

 

  

 



62 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

   

 

 

 

 



63 
 

 

 

 
Influence of prior deformation in austenite on the martensite 

formation in a low-alloyed carbon steel 

Jessica Gyhlesten Back1,3,* and Lars-Erik Lindgren2 

1 Dalarna University, SE-781 88 Borlänge, Sweden 
2 Luleå University of Technology, SE-971 87 Luleå, Sweden 

3 Research and Development, SSAB EMEA, Sweden 

Abstract 

Simulation of rolling and subsequent quenching of martensitic steel plates requires a 
model that can account for previous deformation, current stresses and the temperature 
history. The classical Koistinen and Marburger equation is only accounting for the 
latter. It has also been extended by a stress dependent martensite start temperature. 
The scope of the current paper is to also include the effect of deformation prior to the 
cooling. Dilatometry experiments have been performed with various amount of 
deformation. The deformation is added after 30 s of austenitization at 890 °C the load 
is then released and the steel is directly quenched to room temperature. The 
experimental result shows that prior deformation by compressive uniaxial stresses 
impedes the martensite transformation. For deformation with 5 and 10 % it is due to 
the mechanical stabilisation of the austenite phase and for 50 % deformation it is due 
to austenite grain refinement. The highest martensite start temperature is gained for 
the sample not subjected to deformation. The simplified incremental model works 
well for deformation with 5 % and 10 %. However, the waviness in the experimental 
curve for deformation 50 % is very hard to fit due to large barrel effect and also 
possible prior precipitation of ferrite before the martensitic transformation. 

Key Words: Steel, martensite, phase transformation, modelling, thermal strain

1 Introduction 

Due to increasing demands on lighter constructions and tougher steel the development 
and knowledge of martensitic steels need to increase. In hot rolling processes the 
martensitic structure is achieved by a final quenching in the rolling mill. Before the 
quenching, the steel has been heavily rolled in its austenitic state which influences the 
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phase transformation from austenite ( ) to martensite ( . The phase 
transformation is diffusionless and carbon atoms are trapped in the crystal. This 
structure creates a material with a high yield limit but it also causes large volume 
changes and residual strains and stresses. Factors that affect the martensitic 
transformation are chemical composition [1], grain size [2], cooling rate [3], applied 
elastic stress [4], and dislocations and grain boundaries both prior and those caused 
by plastic strains) [5]. 

The current work is part of a project aiming at simulating the hardening processes of 
martensitic wear plates in order to predict residual stresses. The classical Koistinen 
and Marburger equation [6] is only accounting for the latter, see Eq. (1)  

  (1) 

where T is the temperature, k is a material property constant which varies with applied 
hydrostatic pressure [7] and  is the amount of austenite at the beginning of the 
martensitic transformation.  It has also been extended by a stress dependent martensite 
start temperature. Then it is written as 

  (2) 

where  is the new start temperature for the martensite transformation due to the 
applied tensile or compressive stress which is divided into mean stress,  and the 
von Mises equivalent stress, . The constants km and ke are measured and are 
dependent on the specific steel [8].  

The scope of the current paper is to also include the effect of deformation prior to the 
cooling. Experiments were performed on Hardox 450, a low alloyed 0.19C-steel. The 
phase transformation from austenite to martensite is modelled using a simplified 
incremental model based on the classical Koistinen and Marburger (K-M) equation 
evaluated in [6]. 

2 Factors influencing martensite formation 

The martensitic phase has the same chemical composition as its parent austenite phase 
as the phase change is rapid and usually occurs without diffusion [9]. The focus in the 
following is on this athermal martensite formation. The face centred cubic (fcc) 
structure of austenite can dissolve more carbon than the body centred cubic (bcc) 
structure. Therefore, martensite is a ‘stretched’ body centred tetragonal (bct) structure 
due to the trapped carbon. This leads to its high yield limit. Lattice parameters of the 
martensite crystal vary with carbon content and temperature [10]. Also other alloying 
elements affects the hardenability of steels by moving the transformation curves to 
other phases than martensite [11]. Increasing carbon content offsets the energy 
required for martensite transformation towards lower temperatures and higher Gibbs 
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free energy [12, 13]. The crystal experiences shear as well as volume changes during 
this transformation [14] that also affect the macroscopic strain in the material [15, 16]. 
 
The chemical driving force for the martensitic transformation is due to the 
undercooling,  below the martensite start (Ms) temperature. However, stresses 
develop during the transformation and counteract the chemical driving force and thus 
further undercooling is required to transform more martensite. It is the stress that 
favours lenticular or ellipsoid plates with their surface laying parallel to the habit 
plane. Another reason for the need for more undercooling is that the martensitic 
embryo grows quickly until it reaches a barrier [9]. Further nucleation occurs at other 
sites where the barrier is lower. This goes on until the martensite finish temperature 
(Mf) is reached and all austenite has transformed to martensite.  
 
The austenite grain size affects the transformation. The grain size grows during hot 
rolling but also decreases when recrystallization occurs. The time at high temperature 
after the last recrystallization determines the final grain size before quench hardening. 
Larger grains facilitate the martensite transformation. The grain size also affects the 
structure of the martensite. Smaller grains give finer laths increasing the steel’s 
toughness [17]. 
 
An externally applied stress state during the transformation also affects it as it 
contributes to a mechanical driving force [4]. Tsuzaki et al. [18] found seven 
references believing that a shear stress applied above martensite start (Ms) advance 
the martensitic phase transformation due to a mechanical addition in driving force, 
which lower the need of chemical driving force. From Kaufman and Cohen [9] it is 
known that the Ms temperature can be varied by applied stress. Patel and Cohen [4] 
utilised the effect of applied stress to demonstrate the interaction of mechanical energy 
with the thermodynamics of martensite reactions. The acting stress system is resolved 
into components parallel to the shear and dilatational displacements of the 
transformation, being respectively parallel and normal to the habit plane. The 
mechanical work done on or by the transforming region, as the resolved components 
of the acting stress are carried through the corresponding transformation strains, is 
added to the chemical free energy change of the reaction in order to compute the 
alteration in temperature at which the critical value of the driving force to start the 
transformation is attained. Denis et al. [7] analysed the influence of triaxial stress state 
on a cylindrical steel sample during quenching using data from dilatometry 
measurements of the same steel. The results were used in a finite element program to 
calculate internal stresses during quenching. The Ms is either raised or lowered 
depending on whether the mechanical work aids or opposes the chemical driving 
force. The properties of the stress field decide the growth direction of the bct crystal 
[12] and the amount of carbon in the steel determines its degree of tetragonality [13].  
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Plastic deformation of the austenite, ‘prior deformation’, has two opposing 
contributions. The developed dislocation structure may cause additional nucleation 
sites and thereby lower the energy barrier for martensite formation. However, a higher 
flow stress of austenite hardens the austenite and counteracts the martensitic 
transformation. 
 
According to Ashby [19], plastic deformation of polycrystalline materials leads to 
pile-up of geometrically necessary dislocations (GND) at grain boundaries and also 
randomly distributed dislocations within the grain, statistical stored dislocations 
(SSD). At large deformation, the randomly distributed SSD dislocations can rearrange 
and form subgrains in the grain interior. Kaufmann and Cohen [9] state that some of 
the martensite embryos already pre-exist at high temperature and that they freeze 
during the quenching process and becomes supercritical first at the Ms temperature. 
These martensite embryos may be located at or very close to the austenite grain 
boundary. The embryo needs to contain a critical amount of dislocations inside to be 
sufficiently potent to transform to martensite [20]. The growth of the embryo requires 
creation and expansion of new parallel dislocation loops [21]. In Figure 1 there is an 
illustration of the pile-up of GND at an austenite boundary shown for a) small 
deformation and b) large deformation. The martensite embryo is the white solid ellipse 
and it is surrounded by geometrically necessary dislocations developed at the austenite 
grain boundary after deformation. The martensite lath, here shown as a grey rectangle, 
is in a) at small deformation, stopped by the austenitic grain boundary and in b) at 
large deformation, stopped by a subgrain boundary The potency of an embryo, that is 
minimum chemical driving force for activation of growth, may increase due to the 
pile-up of GNDs at the austenite grain boundary. The pile-up of GND can increase 
the Ms temperature while the formation of subgrains will decrease it [22]. 
 

 
Figure 1. The images show the fundamentals of martensite growth in an austenitic 
grain when the material is deformed about a) 5 % and b) 25 %, from [22]. 

 

b)a)

GND:

Subgrain
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Xiao et al. [23] and Taherian et al. [24] studies show that Ms is increasing by applying 
hot deformation. However, Nikravesh et al. [3], found the opposite that the martensite 
formation in predeformed condition needs a larger driving force than the undeformed 
condition as Ms depends on austenite strength. Strong defects, as grain boundaries, 
prevents coordinated movement of atoms. Also, dislocations hinder displacive 
transformations but they can also be absorbed into the martensite lattice. The motion 
of glissile interfaces becomes impossible if the strain in the austenitic phase becomes 
sufficiently large, which blocks the martensite transformation. This is called 
mechanical stabilising of austenite (MSA) and increases the barrier against martensite 
transformation and thus decreases Ms. The straining of austenite and its effect on Ms 
can be expressed by balancing the force, which drives the transformation interface, 
against the resistance from dislocations created by the deformation of austenite. The 
stress driving the austenite/martensite interface through a forest of dislocations 
originates from the chemical free energy change of the transformation, which is 
assumed in the theory for mechanical stabilization [25]. The plastic deformation 
hardens the austenite and thus makes it more stable and then it counteracts the 
martensitic transformation as its shear and volume increase requires a plastic 
accommodation in the austenite [26, 27]. The increase in dislocation density gives 
more nucleation sites but also increases the flow stress of austenite. Increased 
dislocation density also enhances the driving force for recrystallization and if this is 
triggered then the resulting smaller grains also reduce the martensite start temperature 
[28]. Thus, prior plastic deformation can both promote and impede the martensitic 
transformation. 
 
Maalekian and Kozeschnik [25] have successfully developed a model that proves that 
Ms in eutectoid steels increases linearly with applied uniaxial compressive stress, see 
Eq. (3). Thus, the theory of Patel and Cohen about promotion of martensitic 
transformation under uniaxial stress, based on macroscopic shape deformation, can be 
used to predict the change in kinetics of the martensite transformation in eutectoid 
steels. However, this model do not account for deformation at high temperature when 
the material is austenitic. 

   (3) 

The expected increased Ms is due to the applied compressive stress . 

3 Experiments 

The test material is Hardox 450, a low alloyed steel produced to be used in high wear 
environments and welds. The steels composition can be found in Table 1.  

3.1 Specimen preparation 
The slab, of thickness 220 mm was heated to about 1250 °C before entering the hot 
rolling mill, where it was rolled to a strip with thickness 6 mm. First, the slab wass 
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descaled to ensure that the surface was as clean as possible before rolling. In the 
roughing mill, the slab’s thickness and width were reduced and its length increased 
from 5 m to about 80 m. Thereafter the strip was coiled from which it was thread into 
the finishing mill. Coiling of the strip evens out the temperature differences in the 
thickness direction. Coiling temperature does have an effect on microstructure and 
mechanical properties after cooling of the material, therefore it is plausible that more 
even temperature also has an effect between the roughing and finishing mill. After the 
coil box, the scale was flushed away again in order to enhance the surface properties. 
The strip then entered the first of six finishing stands and here the thickness was 
further reduced. The strip had a temperature about 890 °C when it leaved the last stand 
and the material was fully recrystallized after every reduction. Thereafter the strip 
entered the cooling section and was water quenched. 
 
The cylindrical specimens were cut and turned from a 6 mm thick strip after hot 
rolling, quenching and levelling. The sample size was 5 mm in diameter and 10 mm 
in height. The surfaces were flat. Some specimens were taken out in rolling direction 
(RD) and some in transverse direction (TD). 

3.2 Dilatometric measurement 
Differential deformation dilatometry tests were performed in a Bähr DIL 805 A/D 
employing an Al2O3 measurement system. The sample was held between two holders 
made by Al2O3 with a force of 200 N, which never changes throughout the tests. The 
deformation is controlled by hydraulic pressure. The dilatation is measured in relation 
to the original length of the sample and has an accuracy of 50 nm. Figure 2 shows 
time and temperature graph for cooling rate 100 °C/s. Thermocouples were spot-
welded onto the sample surface, see Figure 3 for details. The dilatometer heats the 
specimen with induction when the atmosphere is held to vacuum 10-4  bar. Cooling is 
done with helium gas. The samples (10 pc RD and 6 pc TD) were first heated to 890 
°C with 10 °C/s and then austenitised for 30 s. Thereafter the samples were subjected 
to deformation of 0, 5, 10 and 50 % respectively with deformation rate 10 mm/s. They 
were then cooled down to room temperature (RT) by 100 °C/s which has previously 
been determined to yield a suitably martensitic structure.  

 
Table 1. The chemical composition of the test material Hardox 450. 

Element C Si Mn P S Cr Ni Mo B 
Wt% 0.19 0.70 1.60 0.025 0.010 0.25 0.25 0.25 0.004 
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Figure 2. Time, temperature and deformation scheme in the deformation dilatometer 
tests performed on Hardox 450. 

 

 

Figure 3.  Here the deformation dilatometer setup is shown. The sample was held 
between Al3O2 and thermal elements were attached to the sample surface. Induction 
heating was used to control the temperature. 

3.3 Microstructure investigation 
The samples were ground and polished down to 1 my and are then etched with 1 %-
Nital for the light optical micrograph (LOM) analysis. 

The sample surfaces are grinded to 1 my before Micro Vicker hardness tests were 
carried out using a Matsuzawa MXT 50 automatic digital micro hardness tester. Load 
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used were 1 kg. The measurements were done in the centre of the RD and TD 
specimens.  

4 Modelling 

4.1 Martensite formation 
In previous work, a simplified incremental (K-M) model was successfully applied to 
simulate phase transformations from austenite to martensite [29]. It uses the current 
austenite fraction in the K-M equation and is therefore simpler to implement as it does 
not need to store the initial austenite fraction at start of transformation. This is 
particular convenient for multiple temperature cycles and cases of incomplete 
austenitization, see Eq. (1) in reference [30]. The incremental format of the equation 
is written as 

   (4) 

where  is the incremental change in martensite fraction,   is the current 
austenite fraction, T(t+ t) and T(t) represents the next and current temperature 
respectively [30]. k is a material property that is calculated by Eq. (5). In a complete 
stress-free state, martensite finish temperature, Mf, can be used to calculate the 
material property k, which is seen in Table 4. In this paper Ms and Mf have been chosen 
to be the temperature where the martensite fraction is 1% and 99% respectively. 
 

   (5) 

4.2 Model for thermal expansion 
Thermal strains resulting from phase transformations and temperature changes can be 
calculated by Eqs (6)-(7) in combination with a model for the amount of austenite and 
martensite. The models for the lattice parameters include the thermal expansion 
coefficient, the effect of alloying elements and the amount of carbon in every phase. 
The equations for the lattice parameters are in nanometres (nm) [31]. 

   (6) 

  (7) 

  (8) 

Here AC,x is the amount of carbon in  phase x. x=A denotes austenite and x=M is 
martensite. T is the temperature and  is the thermal expansion coefficient for phase 
x which is given in Table 2 for each sample. Ai is the amount of alloying element for 
respective  that are given in Table 3 [31].  
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Table 2. Thermal expansion coefficient for each deformation from the experimental 
dilatometry curves. 

0% deformation 
 
 

5% deformation 
 
 

10% deformation 
 

 

50% deformation 
 
 

 
Table 3. Influence of alloying elements on lattice parameter coefficients for ferrite 
and austenite. From [31]. 

Element Mn Si Ni Cr Mo 
 6.0 x 10-5 -3.0 x 10-5 7.0 x 10-5 5.0 x 10-4 3.1 x 10-4 

 1.0 x 10-4 0.0 -2.0 x 10-5 6.0 x 10-5 5.3 x 10-4 

The model for the lattice parameters gives the thermal expansion but also contains the 
change caused by phase transformations. This is possible by using a simple linear 
mixture rule for the contributions of the phases 

   (9) 

where Xa is the fraction of austenite,  is the lattice strain in the austenite crystal due 
to temperature, Xm is the fraction of austenite and  the lattice strain in the martensite 
crystal due to temperature. 
 

5 Results 

5.1 Dilatometry 
No difference between rolling and transverse direction can be found in the dilatometry 
test results. The data from the experiments have been analysed with an offset method 
to determine the Ms and Mf temperature for respective sample, see Figure 4. According 
to the offset-method, the phase transformation starts at the first deviation from the 
otherwise linear cooling curve.  A mean value for Ms and Mf have then been calculated 
for each deformation, see Figure 4. However, none of the experimental curves show 
complete linear cooling before the phase transformation to martensite. The sample 
holders made by aluminium oxide have a large relative heat expansion for the material 
and this affects the shape of the curves. The phase transformation curve after 
deformation with 50 % is not linear at any stage during cooling. The waviness is due 
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to barrelling of the sample and the curve also indicates transformation to ferrite at 
about 750 °C. 

Figure 5 shows the influence of deformation on Ms temperature. The deformation 
causes mainly plastic strains. The Ms temperature drops for 5 % deformation and 10 
%. The transformation temperature only differs a few degrees between 10 % and 50 % 
deformation. The Ms temperature is lower in all predeformed specimens than for those 
without deformation at the same cooling rate. The Ms, Mf and thereby the parameter k 
were determined from the experimental dilatometry curves for respective 
deformation. The results are listed in Table 4 together with the difference in Ms 
compared to the case without predeformation.  

 

 

Figure 4. a) The offset-method is shown for the cooling of a specimen deformed by 
10 % .The first deviation from the linear cooling indicates start or finish of the phase 
transformation. b) The specimen deformed with 50 % shows a barrel shape and a 
forging cross. 

 

Table 4. The K-M parameters for Hardox 450 when subjected to various prior 
deformations. 

Deformation Ms [°C] Mf [°C] k Ms [°C] 
0 % 379.5 212.5 0.027 - 
5 % 377.2 237.5 0.033 -2.3 

10 % 373.6 230.5 0.032 -5.9 
50 % 372 242 0.035 -7.5 
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Figure 5. The plot shows how the Ms temperature decreases when the steel is 
subjected to compressive strain in the austenitic region. The deformation’s influence 
is larger for low strains and stagnates for larger strains. 

5.2 Microstructure 
The martensitic microstructure for each sample was investigated by LOM. Figure 6 
shows four representative images for each deformation. The microstructure is coarser 
for the undeformed sample than samples with prior deformation. The difference is 
small for prior deformation between 0 % and 5 % deformation but the sample with 
50 % deformation shows a heavily deformed martensitic microstructure shown in 
Figure 4b) and 6d). Thus, the microstructure is refined with increasing hot 
deformation. The microstructure have been found to be fully martensitic in all samples 
except for deformation with 50 % where the hardness values are low and therefore 
plausible to contain ferrite.  

The hardness measurements in rolling and transverse directions show there is a clear 
difference in the behaviour, see Figure 7. Increasing deformation lowers the hardness 
in TD almost linearly with the amount of deformation. The hardness level is about 10 
HV higher in TD compared to RD for low deformation. The deformation affects the 
hardness differently in RD, where the hardness decreases about 15 HV for 5 % 
deformation and then increases for 10 % deformation. The hardness level is the same 
for no deformation and 50 % deformation in RD. 50 % deformation decreases the 
hardness about 40 HV in the samples deformed in TD.  

5.3 Modelling 
The results from fitting the model to the experimental curves are presented here. All 
cases are shown in Figure 8. The RD and TD samples’ results for each deformation 
are similar and therefore were only four representative quenching curves modelled. 
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Figure 6. Light optical micrographs showing microstructures in the samples 
subjected to deformation dilatometry for each deformation. The images show the 
microstructure in rolling direction, a) 0 % deformation b) 5 % deformation c) 10 % 
deformation d) 50 % deformation. 

 

 

Figure 7. Micro vicker hardness results, measured using 1 kg loading. The surfaces 
measured were both in rolling direction and transverse rolling direction. 
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Figure 8. The simplified incremental K-M model is compared with four 
experimental curves for each deformation in a)-d).  

The fitting for the samples with no deformation deviates from the experiments 
regarding the phase transformation. The martensite formation’s starting points are the 
same but the rate of transformation and caused change in length is lower in the model. 
For 0 %, 5 % and 10 % deformation the model fits the experiments well. The very non-
uniform deformation for the samples with prior deformation of 50 % and the possible 
prior transformation to ferrite, are the reasons for the large deviation of the model in 
Figure 8d).  

6 Discussion 

The microstructure is refined with increasing hot deformation. No investigation have 
been done to find the critical cooling rate for the martensite transformation since the 
microstructure have been found to be fully martensitic in all samples except for 
deformation with 50 % where the hardness values are low and plausible to contain 
ferrite. Reasons for the refined microstructure are the level of deformation and the 
deformation rate. The true-stress curve for deformation with 50 % levels out when the 
deformation process reaches 30 % and then the stress level decreases. This can be the 
result of adiabatic heating, which means that the specimen is hotter in the centre of 
the specimen and thus the sample is dynamic recrystallized. However, friction caused 
by the deformation counteract the effect of the previous recrystallization so that it is 
followed by meta-dynamic recrystallization after the deformation which results in a 
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fine-grained recrystallized microstructure. Dislocation-free small austenite grains 
facilitates the precipitation to ferrite and bainite. 
 
The dilatation curves from the deformation tests differ from ordinary dilatometer tests 
performed on the same material. Reason for this is believed to be the holders’ material 
which in deformation dilatometer is aluminium oxide, Al2O3. The sample holders 
become hot and the relative heat expansion for the material is large. When the 
deformation occurs the change in length is lowered, owing to the shorter length of the 
sample. From previous dilatometry experiments on specimens without deformation, 
the waviness when the cooling starts do not occur, see [29]. These experiments were 
performed in the same dilatometer as the present ones, but the sample holders used 
were made by quarts. The sample holders made by aluminium oxide have 16 times 
larger relative heat expansion for the material than the quarts holders. It is also 
believed that the sample holders affect the heating schedule since there are obvious 
bumps in the dilatation curves when the Curie temperature is passed using aluminium 
oxide compared to quarts. 
 
The resulting Ms for each deformation show similar dependency on deformation as 
the results from Maalekian and Koscheshnik’s [25] work. The suppression of the Ms 
temperature as martensite grows in deformed austenite can be predicted by the theory 
of mechanical stabilization. The theory explains how the plastic deformation of 
austenite above Md increases the resistance to the motion of the interface ( ) during 
martensite transformation. This is a result of high defect density. The plastic 
accommodation, in austenite, of the shape strain of the transforming martensite is a 
vital step in the nucleation event. Any factors impeding such plastic accommodation, 
such as the lack of dislocations, work hardening, and grain refinement, suppress the 
transformation. A quantitative analysis by Kajiwara [5], showed that the increasing 
difficulty for the plastic accommodation with decreasing grain size is the main factor 
to depress Ms in fine-grained specimens. Therefore, for initiation of the martensite 
transformation, a higher driving force is required, which is reflected in a lower Ms 
temperature. The suppression of Ms is not that large for 50 % deformation in the 
present work as compared to Maalekian and Koschehnik [25]. This difference can be 
attributed to the heating of the sample, and the hold time and temperature during 
austenitization, which differs quantitatively between the experiments. Also prior 
transformation to ferrite and bainite lower the Ms temperature. 

The low values of the micro Vicker hardness in the 50 % deformed samples is 
probably caused by a mixed microstructure of ferrite and martensite. The dip in 
hardness in RD for 5 % deformation are not yet clear. One questioned raised is the 
influence of the samples’ deformation texture and how it can affect the hardness 
measurements.  
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7 Conclusion 

Dilatometry experiments was successfully executed to simulate austenitization with 
deformation at high temperatures and quenching. The experimental results show that 
prior deformation by compressive uniaxial stresses impedes the martensite 
transformation. 5 and 10 % deformation lowers the Ms temperature with a few degrees 
than if no deformation. Straining above 10 % also impede the martensite formation 
but the deformation’s influence decreases and levels out. The mechanical stabilisation 
of austenite is the reason for the lower Ms after the samples deformation with 5 and 
10%. High amount of deformation and high deformation rate, in this case 50 % and 1 
mm/s, causes adiabatic heating which results in dynamic/meta-dynamic 
recrystallization. For this case the lowering of the martensite formation is caused by 
the refinement of the austenite grains. 
 
The fitting of the simplified incremental model works well for deformation with 5 % 
and 10 % but not for the case with deformation 50 %. Possible prior transformation to 
ferrite before the martensite transformation may be the explanation for this case. Also, 
the sample holders made by aluminium oxide have a large relative heat expansion for 
the material and this affects the shape of the curves. 
 
It is clear that standard dilatometry can be used to find transformation temperatures 
but deformation dilatometry should only be used to find temperature increases or 
decreases of the transformation temperatures. 
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Abstract 

Crystallographic reconstruction of parent austenite grain boundaries from the 
martensitic microstructure in a wear resistant steel was carried out using electron 
backscattered diffraction (EBSD). The present study mainly aims to investigate the 
parent austenite grains from the martensitic structure in an as-rolled (reference) steel 
sample and samples obtained by quenching at different cooling rates using 
dilatometry. Subsequently, this study is to correlate the nearest cooling rate by 
dilatometer which yields similar orientation relationship and substructure as the 
reference sample. The Kurdjumov-Sachs orientation relationship was used to 
reconstruct the parent austenite grain boundaries from the martensite boundaries in 
both reference and dilatometric samples using EBSD crystallographic data. The parent 
austenite grain boundaries were successfully found from the EBSD data and the 
corresponding grain sizes were measured. The parent austenite grain boundaries of 
the reference sample matches the sample quenched at 100 °C/s (CR100). Also the 
martensite substructures and crystallographic textures are similar in these two 
samples. The results from hardness measurements show that the reference sample 
exhibits higher hardness than the CR100 sample due to the presence of carbides in the 
reference sample. 

Key Words: Dilatometry, Hardness, EBSD, Martensite, Austenite, Kurdjumov-Sachs 
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1. Introduction 

Low alloy wear resistant martensitic steels are widely used in structural applications 
due to their excellent mechanical properties, especially high strength and wear 
resistant properties. Some of these steels suffer from flatness problems and residual 
stresses during hot rolling and quenching in the manufacturing process. In order to 
reduce the residual stresses and avoid costly post processing to counter flatness 
problem, it is important to understand the history of deformation and the 
microstructure obtained from the manufacturing process [1]. The final microstructure 
of these steels after final processing step in manufacturing is generally martensite and 
the mechanical properties depends on the microstructure [2]. In order to understand 
the martensitic microstructure, it is necessary to understand the prior austenitic 
morphology. The crystallographic orientation relationship (OR) is maintained when 
austenite transforms into martensite. This allows to investigate the austenitic phase by 
reconstructing the crystallographic OR, which can be used to understand the 
mechanical properties [3]. 

In the present study, martensitic steel samples of Hardox 450 both as-received from 
the manufacturing process and dilatometry samples are characterized using electron 
backscatter diffraction (EBSD) and micro hardness measurements. The main aims of 
the investigation are to determine the austenite grain size and shape using EBSD data, 
with an algorithm to find the parent austenite grain boundaries, in order to understand 
the hardness results. Thus, austenite grain size affects the size of martensite crystals 
and the size of parallel arrays of martensite crystals, and thereby affects the strength 
of hardened microstructures [4] 

2. Background 

Martensite is a hard phase in steels which forms when the steel is cooled rapidly from 
the austenitic region. Martensitic microstructures can also be caused by plastic 
deformation, for example, metastable austenitic steels [3]. There are two types of 
martensite that can form, one is the cubic ´ which is a semi-coherent martensite and 
another is the hexagonal  which is a coherent martensite. The type of martensite 
depends on the transformation, the carbon content and the stacking fault energy [5]. 
The formation of martensite in steels is diffusionless which means that the carbon 
content within the crystal is trapped in octahedral sites of a body-centred cubic 
structure (bcc) [3]. The super-saturated carbon content affects the distortion of the 
new lattice and the crystal’s tetragonality [3]. Increasing carbon content will result in 
more tetragonality due to high occupancy of carbon in the interstitial sites [6]. Carbon 
content also affect the martensitic microstructure that can develop in ferrous ´ 
martensite bcc or body-centred tetragonal (bct) structure, i.e. lath-, lenticular plate-, 
thin plate-, butterfly- martensite [7, 8]. These martensitic transformations can be 
distinguished by morphology, kinetics, crystallography or internal structure [5]. 
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During martensitic transformation, the austenite crystals experience straining 
represented by shape change as well as shear which changes the crystal structure. The 
interface connecting the martensite with the austenite must have high mobility and 
high velocities during rapid quenching [3]. The phase boundary is either coherent or 
semi coherent, and an OR exists between the martensite and parent austenite phase. 
The OR maintains by lattice distortions which results in formation of dislocation cells 
or deformation twins, which reduce the system’s energy [9]. 

The OR between adjacent crystals in solid state are important in order to understand 
the materials mechanical properties. Reproducible OR between the parent and product 
phase determines the morphology of martensite by reducing the interface energy and 
creating the best fit between the crystals. The OR usually consists of parallel or very 
nearly parallel corresponding closest packed planes from the two lattices, and it is 
usually the case that the corresponding close packed directions in these planes are also 
roughly parallel [3]. 

Many OR models have been developed for austenite to martensite transformation, but 
the commonly used are Kurdjumov-Sachs (K-S), Nishiyama-Wasserman (N-W), 
Greninger-Troiano (G-T) and Bain OR models.  

Table 1 shows the planes and directions for the OR for these four models [10]. 
Gungunes et al. [11] found that austenite and thermally induced martensite usually 
has an OR of type Kurdjumov-Sachs. 

Lath martensite has a three-level hierarchy in its morphology, which is laths, blocks 
and packets, as shown in Figure 1. For K-S OR, 24 possible equivalent 
crystallographic variants can be possible to form within a grain and 6 variants in a 
packet. Kitahara et al. [12] though found that all variants do not appear in a grain. In 
sub-blocks, specific combinations of two variants appeared and this indicate a strict 
rule for variant selection. Variant selection is the result of shape deformation of a 
martensite lath/plate that may or may not comply with an external stress. The 
compliance of a variant and applied stress can be described by an interaction energy 
[13]. Positive interaction energy for a variant, which is in the plane subjected to an 
applied stress, means that the variant is favoured. Kundu et al. [14] showed that the 
position and space constraint in the microstructure might play a role in deciding which 
variants that will form regardless of their interaction energy. It is important to 
remember that the austenite almost always is constrained during quenching due to 
internal stresses because of temperature gradients in the material. 

A martensite lath is a single martensite crystal. Lath boundaries usually have 
misorientation 2°-5°. Martensite laths (variants) with a similar crystal orientation pair 
up and build blocks [15]. The pairs are built by V1 and one of the variants from V2 to 
V6 (see Table 2), the border between the pairs is the block boundary. Packets may 
consist of several blocks with slightly different orientations but the same habit plane 
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[15]. Packet boundaries can have misorientation angles in both low-angle and high-
angle intervals [16]. The effective grain structures which control deformation are the 
block and packet structures, because of the largely common crystallographic 
orientation of the parallel component laths within the blocks and packets [17]. When 
packet size decreases, the strength of low-carbon steels increases and affects the 
toughness of the martensitic steel [18]. 

 

Table 1. Commonly used orientation relationship models used to describe the 
relation between austenite and martensite in steels, from [10]. 

OR Plane Direction 

K-S   

N-W   or  

G-T   

Bain   
 

 

 

Figure 1. Illustration of parent austenite grain and hierarchy of laths, blocks and 
packets. From [12]. 
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Polycrystalline materials with a random distribution of grain orientations require that 
at least five independent strains can be achieved for two grains to be deformed without 
resulting in decohesion between the grains. Therefore, it requires at least five 
independent slip systems in each grain of a polycrystalline material. The five 
independent slip systems that result in the highest Schmid factors of the grain are used 
to calculate the Taylor factor m, as the inverted mean value [19]. 

In the custom build model, the Taylor factor was calculated for each pixel and a mean 
value for all were calculated. The slip systems used in the calculations were  
{10-1}<111> and {11-2}<111>. In bcc-metals there are usually many favourable 
glide systems which causes the Taylor factor to be close to the lowest value, which is 
2 when all planes and directions are possible slip systems. This means that there are 
always several glide systems that have close to maximum resolved shear stress. If the 
material has strong texture the Taylor factor becomes dependent of the orientation just 
as for a single crystal [19]. 

3. Method 

The custom build Matlab™ model was used to calculate the local disorientation, 
which is the smallest misorientation angle for a common rotation axis, using the 
crystallographic orientation obtained by EBSD. The mean value of the disorientation 
to the left and below each pixel is the local disorientation. The evaluation method is 
based on the K-S OR between the parent austenite crystal and the daughter martensite. 
High angle grain boundaries (HAGB) have been evaluated for angles above 10° and 
low angle grain boundaries for disorientation angles above 2°.  

Conditions for a martensite boundary is established on the basis of misorientation and 
the boundary must be considered as a parent austenite grain boundary when the 
condition is not fulfilled. 

The martensite boundary here means the boundary between the martensite variants of 
one parent austenite grain. The other boundaries, which do not fulfil the conditions, 
are boundaries between martensite laths of two different parent austenite grains and 
they are therefore considered as parent austenite grain boundaries. 

The 24 possible variants of martensite orientation given by K-S OR for a single 
austenite grain result in 276 possible combinations of variants with corresponding 
misorientation angles and rotation axes between adjacent martensite crystals. 

All HAGBs were then compared to the possible misorientation angles and the 
corresponding rotation axes, and they were considered as martensite boundaries if 
they agreed within ±10 degrees. The rest of the boundaries, though still martensite 
boundaries, were considered to be parent austenite grain boundaries. 
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Results for misorientation angle and misorientation axis in this work, see Table 2, are 
compared with the results of Kitahara et al. [12]. These specific misorientations are 
between martensite variants of one parent austenite grain. Therefor the parent 
austenite grain boundaries can be determined by searching for the boundaries between 
martensites with misorientations which are different from those specific values. 

 
Table 2. Crystal orientations of 24 variants from the Kurdjumov-Sachs orientation 
relationship and crystallographic angle/axis relationships between V1 and other 
variants. 

Variant Austenite 
OR K-S 

Martensite 
OR K-S 

Misorientation 
angle from V1 

Misorientation 
axis to V1 

1 (111)[-101] (011)[-1-11] - - 
2 (111)[-101] (011)[-111] 60.00  0.577   -0.577     0.577 
3 (111)[01-1] (011)[-1-11] 60.00 -0.000   -0.707   -0.707 
4 (111)[01-1] (011)[-11-1] 10.53     0       -0.707     0.707 
5 (111)[1-10] (011)[-1-11] 60.00     0        0.707     0.707 
6 (111)[1-10] (011)[-11-1] 49.47     0        0.707     0.707 
7 (1-11)[10-1] (011)[-1-11] 49.47 -0.577   -0.577    0.577 
8 (1-11)[10-1] (011)[-11-1] 10.53  0.577   -0.577    0.577 
9 (1-11)[-1-10] (011)[-1-11] 50.51 -0.186    0.767    0.615 

10 (1-11)[-1-10] (011)[-11-1] 50.51 -0.490   -0.463    0.739 
11 (1-11)[011] (011)[-1-11] 14.88  0.354   -0.933   -0.065 
12 (1-11)[011] (011)[-11-1] 57.21  0.357   -0.714    0.603 
13 (-111)[0-11] (011)[-1-11] 14.88  0.933    0.354    0.065 
14 (-111)[0-11] (011)[-11-1] 50.51 -0.739    0.463   -0.490 
15 (-111)[-10-1] (011)[-1-11] 57.21 -0.246   -0.628   -0.738 
16 (-111)[-10-1] (011)[-11-1] 20.61  0.659    0.659     0.363 
17 (-111)[110] (011)[-1-11] 51.73 -0.659    0.363   -0.659 
18 (-111)[110] (011)[-11-1] 47.11 -0.302   -0.626   -0.719 
19 (11-1)[-110] (011)[-1-11] 50.51 -0.615    0.186   -0.767 
20 (11-1)[-110] (011)[-11-1] 57.21 -0.357   -0.603   -0.714 
21 (11-1)[0-1-1] (011)[-1-11] 20.61  0.955        0       -0.296 
22 (11-1)[0-1-1] (011)[-11-1] 47.11 -0.719    0.302   -0.626 
23 (11-1)[101] (011)[-1-11] 57.21 -0.738   -0.246    0.628 
24 (11-1)[101] (011)[-11-1] 21.06  0.912     0.410        0 

 

Table 3. Chemical composition of the test material Hardox 450. 

Element 
Wt.% 

C Si Mn P S Cr Ni Mo B 

0.19 0.70 1.60 0.025 0.010 0.25 0.25 0.25 0.004 
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4. Experimental procedure 

4.1 Material 
The samples were taken from the abrasion resistant steel, Hardox 450 (a trade name 
from SSAB Sweden) for the present study. These steels generally have a fully 
martensitic structure after hot rolling and quenching with unique combination of high 
hardness and high strength with excellent impact toughness.  

The slab, of thickness 220 mm is heated to about 1250 °C before entering the hot 
rolling mill, where it is rolled to a strip with thickness 6 mm. When the strip reaches 
the finishing mill its temperature is about 1000 °C and the exit temperature of the strip 
is 890 °C. The reduction in this finishing mill begins with 30% and reduces to 12% at 
the exit. The material is fully recrystallized at the exit. The lowest recrystallization 
temperature is approximated to be 884 °C from the equation developed by Barbosa et 
al. [20]. However, this equation involves the influence of micro alloying elements, 
which however are not present in Hardox 450, which can impede recrystallization 
[21]. The strip is then water quenched in the cooling section. 

The chemical composition of these samples is shown in Table 3. A reference sample 
was taken from the final coiling product which had undergone hot rolling and 
quenching. Samples from Hardox 450, manufactured in the same way as the reference 
sample have been subjected to various cooling rates using dilatometry. 

4.2 Dilatometry and micro hardness 
The dilatometric experiments were performed in a quenching dilatometer DIL 805A 
from TA instruments. The samples were 4 mm diameter cylinders with 10 mm length 
that have been cut from the centre of the strip’s width of a 6 mm thick Hardox 450 
strip in rolling direction. The surfaces are parallel and flat. The samples were first 
heated to 890 °C with 10 °C/s and then austenitised for 2 min with subsequent cooling 
to room temperature. Cooling rates used were 60 °C/s and 100 °C/s. The samples will 
hereafter be called CR60, CR100 and reference. The CR60 and CR100 samples were 
chosen for EBSD analysis due to formation of fully martensitic structure. 

Two cycles were used following the same heating and cooling as CR100. Six samples 
were subjected to cyclic testing. Three of them had no hold time at room temperature 
(RT) and the others had 2 minutes hold time at RT. 

Micro Vickers hardness measurements were performed on the reference sample and 
the dilatometry samples using a Matsuzawa MXT 50 automatic digital micro hardness 
tester with 500 g load. 

4.3 EBSD-analysis 
The EBSD measurements were performed using field emission gun Zeiss Ultra 55 
scanning electron microscope. Data acquisition and post-processing of crystalline data 
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were performed using HKL Channel 5 software from Oxford Instruments. The step 
size used for each sample was 0.2 m. The area for EBSD analyses was chosen to be 
100 m wide and about 80 m high, the surfaces were normal to the rolling direction 
and in the vicinity of the centre of the specimen.   

5. Results and discussion 

5.1  EBSD measurements 
Figure 2 a), b) and c) shows the band contrast images for the reference, CR60 and 
CR100 samples obtained from EBSD analyses which reveals fully martensitic 
microstructures for all the samples. The CR100 and reference samples are relatively 
similar and their band contrasts show a distorted microstructure, which indicates 
strong deformation caused by the phase transformation i.e., martensitic lath structure 
and substructure. CR100 and the reference sample have finer laths and more 
substructure as compared to the CR60 sample. This can be attributed to differences in 
plastic deformation of the austenite due to temperature gradients combined with the 
successive growth of martensite from the cooled surface. A lower cooling rate gives 
lower temperature gradients and consequently the austenite in the centre of the 
specimen is less constrained due to the martensite formation as compared to the 
surface. 

Table 4 shows the list of calculated results of the Taylor factor in three perpendicular 
directions x, y and z for the applied stress. 

The Taylor factor for these samples shows that there is no strong texture [22] that 
would give different properties in different directions. There is no significant 
difference in the Taylor factors for the three samples. 

Table 4. The calculated mean values of the Taylor factor are listed for each sample. 

Sample Taylor factor 
x y Z 

CR60 2.42 2.46 2.40 
CR100 2.51 2.46 2.50 
Reference 2.49 2.48 2.43 
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Figure 2. The band contrast images from the EBSD analysis for each sample in 
rolling direction with axis showing size in m. 

 

5.2  Evaluation of EBSD data 
The data from the EBSD measurements are evaluated using the K-S OR. All 
boundaries with a misorientation angle above 10° were checked for being a possible 
martensite boundary allowing 10° deviation from the martensite boundary 
misorientation angle and axis. All other boundaries are supposed to be parent austenite 
boundaries.  Figure 3 shows the frequency of parent austenite grain boundaries with 
misorientation angle (of martensite boundaries) of all the samples. The plot for CR100 
and the reference samples follow a similar pattern. 

The model handles misorientations between adjacent grains and describes them by 
rotation axis and by rotation angle. Figure 4 shows the axis and angle deviations for 
respective samples. 

 



92 
 

 

Figure 3. The frequency of parent austenite boundaries for all samples versus the 
misorientation for martensite boundaries. 

 

 

Figure 4. The frequency distribution of martensite boundaries and their deviation 
from a) the axis and b) the angle for misorientation angle between 10.5° and 63°. 
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Figure 5. The curves shows cumulative frequency of martensite boundaries for 
misorientation angles between 10.5° and 63°. The higher curves indicate the 
martensite boundaries and the lower parent austenite boundaries.  

In Figure 4a, it can be seen that CR100 and the reference have similar frequency of 
martensite boundaries according to axis deviation and the same conclusion can be 
drawn from Figure 4b where angle deviation reveal similar distribution for CR100 
and reference samples. CR60 however deviates from CR100 and the reference sample. 
As can be seen from the Figure 4, the frequency of found martensite boundaries for 
respective sample have the lowest values between 15° and 48°. Some amount of 
information was lost when the boundaries with lower misorientation than 10° were 
not counted.  

Figure 5 also shows that the reference and CR100 samples are similar in case of 
cumulative frequency of boundaries, both martensitic and parent austenitic 
boundaries. 

It can be observed from Figure 5 that the cumulative frequency of martensite 
boundaries is mainly found above 48° and below 15°. The reference sample contain 
slightly more martensite boundaries than CR100 and CR60 has the lowest amount. 
When it comes to austenite boundaries, the reference sample and CR100 have the 
same amount. The above results reveal that the cooling rate 100 °C/s is required to 
gain a similar microstructure as the reference sample. 

Figure 6 a), b) and c) show assumed parent austenite grains with the misorientations 
between 15° and 48° which are marked with black colour for each samples in the band 
contrast images. The boundaries between different variants of orientation-relations 
according to K-S have been determined by comparing HAGB with the variants that 
K-S predicts in respect to misorientation and the rotation of the axis. Figure 6 d), e) 
and f) show the parent austenite grains, also drawn in black, according to Kurdjumov-
Sachs OR ±10° for all samples. Results show that boundaries within 15° to 48° angles 
are parent austenite grain boundaries due to their grain size and shape. Other 
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misorientation angle ranges (10°-55°) have been tried but misorientation angles from 
15° to 48° yield the best fit for the grain boundaries and the results observed in  
Figure 5 also confirms the same. For all samples, the black lines do not intercept 
everywhere. This occurs around the areas that are not indexed, locations where no 
Kikuchi pattern can be found, see Figure 7. 

 

 

 

Figure 6. The martensite boundaries that are marked with black colour in the band 
contrast image represents parent austenite boundaries. a), b), and c) show 
misorientations between 15°-48°. d), e) and f) show the Kurdjumov-Sachs 
orientation relationship (±10°).  
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Comparing the images in Figure 6 a), b) and c), which show band contrasts and parent 
austenite boundaries when they are drawn using misorientation 15°-48°, with  
Figure 6 d), e) and f), showing band contrast and OR K-S for respective sample, 
reveals that choosing the misorientation angle range agrees well with the boundaries 
found by the K-S OR. No flattening of the parent austenite grains can be seen in any 
direction for all samples, thus full recrystallization was reached before quenching. 

Figure 8 shows the frequency of found variants plotted according to their 
misorientation angle. The variants in this plot cannot be separated by their numbers 
since some variants have the same misorientation angle. The reference and the CR100 
sample show similar trends for misorientations below 55° while the CR60 sample 
deviates from this trend. Above 55°, no clear trend is visible. Table 2 shows the list 
of crystal orientations of 24 martensite variants transformed from a (001)[100] 
oriented austenite grain maintaining the Kurdjumov-Sachs orientation relationship 
{(111)//(011) and [-101]//[-1-11]} and crystallographic relationships between V1 and 
other variants. 

In Figure 9, the boundaries have been drawn with different colours in order to 
illustrate the substructure for each sample. The data have been noise reduced by 
removing wild spikes and using the nearest neighbour method with 3 neighbours. Lath 
boundaries can be found between 2°-5° which are drawn with green colour. As can be 
seen in Figure 9, high amount of green areas in the CR100 sample and in the reference 
sample reveals more lath boundaries. Green boundaries are also the boundaries of 
subgrains inside the martensite lath. Between 15°-48° parent austenite grain 
boundaries can be found for all investigated samples which are presented with red 
colour. Black boundaries are block and packet boundaries. The blue colour shows 
possible lath, packet and austenite boundaries. 

The CR60 sample shows a significantly less distorted misorientation distribution in 
the area where the majority of martensite boundaries is found. The EBSD images also 
clearly show a coarser substructure in this sample compared to the other two. The 
substructure has been studied by viewing the boundaries where the misorientation is 

 2° degrees. 
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Figure 7. Band contrast of the CR60 sample with the parent austenite boundaries in 
black and the zero solutions in white. 

 

Figure 8. The frequency of found variants in each sample. 

The austenite grain size varies in each sample, ranging from 5 to 20 microns in 
diameter. Black boundaries are block and packet boundaries, which are observed in 
between 48°-62°. Mean grain size have been measured to be 12 m for CR60,  
11 m for CR100 and 17 m for the reference sample. However, the number of grains 
are not enough to ensure good statistical significance. 

Table 5 lists the measured sizes of grains having a misorientation larger than 2°. This 
was done with HKL Channel 5 software, which calculated the average size, standard 
deviation, minimum and maximum values of the grains. These values clearly show 
that the substructure of the reference sample and CR100 have similar sizes of their 
subgrains. CR60 has about 0.5 m larger subgrains. 

5.3  Texture analysis 
Figure 10 shows the pole figures for the different samples which reveals weak texture. 
Also the Taylor factor reveals that the mechanical properties are similar in all 
directions. Comparing the samples, in both band contrast images (Figure 2) and pole 
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figures (Figure 10), clearly shows similar orientations between CR100 and the 
reference samples. The pole figures for CR100 and the reference sample can be rotated 
around the rolling direction (Z0) to match one another since cylindrical samples are 
used where the normal and transverse direction of the sheet is not known. However, 
CR60’s pole figure does not have a matching pattern regardless how the pole figure 
is rotated. 

Table 5. Listed are the statistics of all boundaries with misorientation above 2°. 

Specimen CR60 CR100 Reference 
Average [ m] 2.0262 1.4285 1.4457 
Standard deviation [ m] 1.6693 1.0989 1.0921 
Minimum value [ m] 0.71365 0.71365 0.71365 
Maximum value [ m] 15.056 13.001 10.369 
Size of the data set 1393 2219 2300 

 

   

 

 

Figure 9. Boundaries with misorientation from 2°-62° drawn for each sample.  
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Figure 10. {100} pole figures of a) CR60, b) CR100 and c) Reference samples with 
rolling direction parallel to Z0.  

5.4  Dilatometry and hardness measurements 
Figure 11 shows the dilatation curves for one CR100 sample heat treated in the 
dilatometer in two cycles. The heating and cooling was done exactly the same in both 
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cycles, no hold time at room temperature. Same trend was found at the heating for all 
the 3 samples tested. The cooling curves were adjusted to match each other so that the 
variation during heating could be visible. It can be observed that there is a slight 
reduction in slope in the first cycle as compared to the second cycle at around 300 °C 
as shown by an arrow in Figure 11. This can be correlated to presence of carbides in 
the as-received condition, which thus is the same state as the reference sample in this 
trial. 

Figure 12 shows the amount of austenite formed during heating in the first and second 
cycle for some of the tested samples. These curves were plotted using the lever rule 
with linear relationship for the dilatation between 600 °C to 720 °C during heating 
and 500 °C to 700 °C during cooling. 

It can be observed in Figure 12 that the rate of austenite transformation at early stages 
is lower in the first cycle than in the second. After about 5-10 % transformation, the 
conversion rates will be approximately the same. A very reasonable explanation for 
this behaviour is that carbides (probably very small) are formed after coiling of the 
hot rolled as-received steel. The growth of carbides starts when the temperature 
reaches about 300 °C, which means that the carbon in solid solution decreases, 
resulting in a decreased dilatation. The carbides impede the transformation to 
austenite until they are dissolved. Christian [23] has reviewed the strength of 
martensite and effectively related it to the structural changes produced by the lattice 
and lattice-invariant deformations characterized by the crystallographic theory of 
martensite transformation.  He also found that carbon diffusion cannot be suppressed 
in low-alloy steels and iron-carbon alloys, and in order to generate useable high-
strength microstructures, it is even promoted by low-temperature tempering. Winchell 
and Cohen [24] found that the yield stress of freshly quenched martensite may be 
increased by low temperature ageing, during which precipitation of carbides takes 
place. Moreover, autotempering can occur during the quench of carbon steels with 
martensite start temperature, Ms above RT which means that precipitates are formed 
during the quench; in some low carbon steels, the precipitates have been identified as 
cementite [17]. It follows that some strength of martensite may be caused by clustering 
of carbon or by precipitation of carbides during quenching. This should be regarded 
as a conventional strengthening mechanism because a) the transformation enables a 
high supersaturation to be achieved, b) the precipitation is effected at a low 
temperature, so that a fine dispersion is formed, and c) precipitation occurs in a phase 
which possesses an extraordinary complex substructure.  Transition-iron-carbides ( ) 
are dominating the microstructure of the tested 4340 steel in the study made by 
Thompson [25]. There are also some evidence that cementite, however small, is 
present in the microstructure. Hexagonal Fe3C and Fe2C iron-carbides are called 
epsilon-carbides, and orthorhombic iron-carbides are referred as eta-carbides. 

In the second cycle there is no time for carbides to form before the temperature starts 
to increase. Thus, there is no available nuclei for carbide formation at 300 °C and 
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carbide formation does not occur. Later when the transformation to austenite begins, 
there are no carbides which can impede the transformation. Figure 12 shows the 
transformation curves of one sample without hold time at RT and three samples with 
two minutes hold time at RT. 

These results indicate that the presence of carbides affect the formation of austenite 
and also the mechanical properties of the steel, for example, the hardness 
measurements for the reference and dilatometry samples as shown in Figure 13. This 
figure shows differences in hardness between the reference and the dilatometry 
samples. The hardness values decreases from the reference condition to dilatometry 
samples due to presence of more carbides in the reference sample. Martensite hardness 
depends on several factors, the structure’s fineness (grain size), dislocation density 
(mean free path for dislocation glide), and the amount of carbon in solid solution, 
subsequent segregation of carbon to dislocations and carbide precipitation [26]. 

 

Figure 11. Dilatometry curves for a sample heat-treated in two cycles. 

 

 

Figure 12. Fraction of austenite formation during two cycle heat treatment. 
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Figure 13. Average of the hardness in the centre for respective sample. 

The hardness difference between the reference sample and CR100 can be attributed 
to the carbides whereas the difference between the reference sample and CR60 is the 
effect of the carbides and the coarser substructure i.e. larger mean free path for 
dislocation slip. 

6. Conclusions 

The low alloyed wear resistant steel shows fully martensitic microstructures in both 
reference and dilatometry samples. 

One main difference between the reference sample and the dilatometry samples are 
the amount of existing carbides, which affects the hardness. The reference sample and 
CR100 have similar distorted microstructure, fine substructure and crystallographic 
texture, while CR60 has a coarser microstructure which also contributes to a lower 
hardness. The dilatometry sample CR60 shows a less distorted misorientation 
distribution in the area where the majority of martensite boundaries are found. The 
EBSD images also show coarser substructure in this sample as compared to the other 
two.  

The reconstruction of parent austenite grain boundaries with K-S OR between 
martensite and austenite shows that the dilatometry sample cooled with 100 °C/s is 
mainly identical with the reference sample when it comes to different types of HAGB 
( 10° of misorientation). 

The data from the EBSD measurements are evaluated using the K-S OR. The 
frequency of found parent austenite boundaries for respective sample are most 
frequent between 15° and 48°. Comparison between different misorientation angles 
have been done and conclusion is that 15°-48° gives the most logical visual image of 
parent austenite grains for Hardox 450. The reference sample and CR100 reveals 
similar misorientation patterns, which also means similar parent austenite grains. 
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The reconstructed parent austenite grain boundaries in the reference sample showed 
no significant flattening due to rolling, thus implying fully recrystallized structure 
before quenching. Similar austenite grain sizes (HAGB) were found in all samples. 
The substructure in CR100 and the reference sample were of equal size considering 
LAGB. 
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