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Abstract 
 

The background to this bachelor thesis is an on-going project within the VINN Excellence Center 
Hero-m. The task in this thesis is to perform a literature survey about the martensite transformation 
and investigate how the resulting fraction depends on cooling below the Ms-temperature. Instead of 
calculating the undercooling for each of the known fractions of martensite the driving force will be 
evaluated. Several efforts have been made through the years to describe the relationships between 
fraction transformed austenite and temperature. The approaches to the first models were empirical 
and derived from collections of data regarding the amount of retained austenite at different 
quenching temperatures. Lately, studies have been made to derive a thermodynamical relationship 
using how the Gibbs energy is affected by increments in volume transformed austenite. Two 
equations are derived by calculating the resulting driving force at different known quenching 
temperatures and the respective percentage transformed martensite found in previous works. The 
data for the steels used show a characteristic slope when linearised. A trend for the steels which 
have a high characteristic slope is that they also have a high Ms temperature, and the steels which 
have a low characteristic slope tend to have a low Ms. Previous relationships which describe the 
martensitic transformation have considered the importance of the Ms temperature only in it being a 
starting temperature for the transformation. To further incorporate the Ms temperature in the 
equations presented, further research of the martensitic transformation is required. The approach in 
this thesis of using thermodynamically calculated data is a base for further investigation of the range 
of the martensite transformation. 
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Introduction 
 

The austenite to martensite transformation is utilized in hardening of steels. The martensitic 
structure is hard and brittle but can be tempered to become more ductile without losing too much of 
its hardness. The transformation is diffusionless and occurs very rapidly, the growth rate can be up to 
1000 m/s. The utilized phenomenon in the hardening process is the change in solubility of carbon in 
the different phases, as austenite has a much higher solubility than ferrite. As the transformation 
from austenite to ferrite is initialized, the change in carbon content is hindered and the result is a 
BCT-structure, which is an elongated BCC-ferritic structure where the carbon atoms distort the 
otherwise cubic lattice. The transformation begins at a specific temperature which is denoted the 
martensitic start temperature, Ms. For most alloying elements Ms is shifted to lower temperatures as 
the alloying content increases and the austenite is stabilized. Due to the nature of the martensitic 
transformation, the inner shear stresses associated with the transformation are increased with 
higher carbon content and this increases the driving force needed for the transformation.  

 

At a specific temperature T0, the driving force in Gibbs energy for martensite and austenite is the 
same. Below this temperature the transformation is thermodynamically possible but for nucleation 
of martensite an increase in driving force is needed to overcome the non-chemical energy associated 
with the shear stresses. To achieve this increase in driving force the temperature is lowered by 
further cooling down to Ms. At Ms the degree of driving force needed for nucleation of martensite is 
reached. By further cooling the transformation increases until it reaches total transformation at a 
temperature denoted Mf where all austenite is transformed. The transformation process is 
schematically shown in Fig. 1. As the martensite is thermodynamically unstable it is not possible to 
calculate any driving force thermodynamically. The phase is approximated to have the same Gibbs 
energy as α-ferrite. 

 

The background to this bachelor thesis is an on-going project within the VINN Excellence Center 
Hero-m, where a new steel is designed. The new steel will have a martensitic based structure; 
therefore it is important to know how the fraction of martensite varies when the steel is cooled 
below the Ms-temperature at different temperature intervals. It is of interest to use a more 
theoretical approach with thermodynamically based calculations, such as the driving force in Gibbs 
energy. The relationship between the fraction of martensite and Gibbs energy will be implemented in 
a software model to design new steels.  

 

The task in this thesis is to perform a literature survey about the martensite transformation and 
investigate how the resulting fraction depends on cooling below the Ms-temperature. Instead of 
calculating the undercooling the driving force will be evaluated for each of the known fractions of 
martensite. This is done by thermodynamical calculations using the TCFE6 database in  
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Thermo-Calc [1]. This data is a base for evaluating an equation describing the fraction of martensite 
formed from austenite on cooling below Ms.  

 

 

Fig. 1  ̶  A schematic figure from Thermo-Calc [1] which shows the Gibbs energy for α-ferrite and austenite. The whole 
transformation range is presented from thermodynamical equilibrium at T0, initial martensite transformation at Ms and 
full transformation at Mf. The driving force for the martensitic transformation is the difference in Gibbs energy between 
the two phases. 

 

Previous works 

Empirical models 
 

Several efforts have been made through the years to describe the relationships between the fraction 
transformed austenite and temperature. The first models were empirical and derived from 
collections of data regarding the amount of retained austenite at different temperatures below Ms. 
Lately, studies have been made to derive thermodynamical relationships relating the Gibbs energy to 
volume transformed austenite.  

 

The first empirical model was described by Harris and Cohen [2]. They investigated four steels with 
the same carbon content but with variations in chromium and nickel content using lineal analysis to 
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determine the fraction of martensite formed. Lineal analysis uses a randomly placed line on the 
metallographic sample and the proportion of the phases along the line is measured. The line fraction 
is used as an approximation of the volume fraction. From the measured data, they determined the 
following equation 

[ ]5,3215100 6,95 10 455 ( )SP M T−= − ⋅ − −    [Eq. 1] 

to describe the amount of transformed austenite. They also assumed that the relationship is not 
affected by varying variables such as chemical composition, austenitizing treatments, presence of 
undissolved carbides and variations in grain size. Harris and Cohen assumed that the variations in the 
aforementioned variables only affect the resulting Ms and that the transformation follows [Eq. 1]. 
The Ms-values used in this study were extrapolated from the martensite transformation curves. 

 

Another model was presented by Koistinen and Marburger [3]. They investigated the martensitic 
transformation in pure iron-carbon alloys and plain carbon steels. The amount of retained austenite 
was measured by x-ray diffraction. In this model, the only variable is quenching temperature and 
martensitic starting temperature. The martensitic starting temperature used by Koistinen and 
Marburger was derived from previous works. The volume fraction austenite was plotted 
logarithmically against the undercooling below the Ms. The following equation was derived by the 
given fractions of martensite: 

2exp 1,10 10 ( )S qV M Tγ
− = − ⋅ −      80S qM T C> > −    [Eq. 2] 

Where Vγ  is the volume fraction retained austenite, qT is the quenching temperature. 

 

Koistinen and Marburger assumed that the effect of chemical composition, austenitizing 
temperature and other variables is only visible in the change of Ms. Due to the nature of this 
equation the amount of retained austenite can never reach zero, and as a result there is no 
temperature in which the martensitic transformation reaches completion. 
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Thermodynamical approach 
 

H.Y Yu [4] describes a theoretical model based on thermodynamical theories where the following 
assumptions are made; the amount of transformation is independent of time, a fraction of 
martensite is formed very rapidly at a constant temperature. The amount of transformation is 
characteristic of temperature, provided that other variables such as grain size are held constant. 
Martensite is formed at cooling below the martensitic starting temperature at a rate that is 
independent of temperature. The Gibbs energy of the whole volume of the system is considered and 
any change in energy followed by transformed volume austenite is discussed. This change in energy 
is divided into two parts, the chemical which is related to Gibbs energy and non-chemical free energy 
which is related to the shear stresses associated with the transformation. The final equation is 
derived from these assumptions: 

( )
(1 ) ( )

q s

s q q q

M T
M T T T

ε
ε

β ε
−

=
− + − −

   [Eq. 3] 

This equation uses existing data where a fraction of martensite is known, qε , at a temperature qT . 

The variable, β, is the ratio between the slopes of martensite and austenite Gibbs energy plotted as a 
function of temperature.  

 

A new approach to a different model 
 

The previous models use the undercooling, Ms-T, as the variable and these models try to describe the 
relationship between the fraction of martensite and undercooling. In the model presented in this 
work where the prediction of the martensite fraction for a new steel is needed, a more theoretical 
approach would be of interest as there exist no previous empirical data on the fraction of martensite 
formed upon quenching of the steel. A suggestion based on the relationship between fraction 
martensite and the driving force in Gibbs energy is more relevant and this new relationship will only 
use Gibbs energy as a variable. All data for the calculations is available with the use of a 
thermodynamically based software such as Thermo-Calc using the TCFE6 database [1]. The input 
data for the calculations is derived from a number of existing studies. The driving force in Gibbs 
energy of a known temperature below Ms and corresponding fraction martensite is calculated using 
the Gibbs energy for austenite.  
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Calculations and Results 
 

The gathered data from previous studies is used to calculate the Gibbs energy for each separate 
phase. As the martensite is thermodynamically unstable it is not possible to calculate any driving 
force thermodynamically in Thermo-Calc. The phase is approximated to have the same Gibbs energy 
as α-ferrite. The Gibbs energy for austenite is also calculated in Thermo-Calc. 

 

A large number of steels with a varying composition are crucial to generate a general expression for 
the fraction of martensite formed below Ms. Data for a number of different steels is therefore 
gathered and presented in Table A. A wide range of carbon contents is especially important as 
carbon has a major influence on the transformation processes. There is also a wide range in 
composition in other alloying elements such as chromium and nickel. The austenitizing temperatures 
for all the steels are presented; the holding time for austenitizing is unknown.  

 

In Fig. 2 the Gibbs energy for the two phases is shown for a range of temperatures. 

Steel 
 

C Cr Ni Si Mn Cu Ms (°C) Austenitizing 
temperature 
(°C) 

SAE-
T1335 [7] 

0,35 - - 0,19 1,8 - 338 843 

SAE-2340 
[7] 

0,37 - 3,41 0,21 0,68 - 330 788 

SAE-3140 
[7] 

0,38 0,49 1,32 0,21 0,72 - 332 843 

Fe-0,46C 
[8] 

0,46 0,2 0,1 0,26 0,71 0,23 315 900  

SAE-1065 
[7] 

0,63 - - 0,22 0,87 - 274 816 

0,9C [7] 0,89 - - 0,15 0,29 - 216 885 

10C2N 
[6] 

0,92 - 2,66 - - - 161 1100 

1,5-pct-
Cr [2] 

1,09 1,52 - 0,29 0,32 - 125 1038 

2,8-pct-
Cr [2] 

1,08 2,83 - 0,29 0,27 - 115 1038 

5,4-pct-
Ni [2] 

1,12 - 5,36 0,24 0,51 - 80 1038 

12C2N 
[6] 

1,26 - 2 - - - 110 1100 

13C5N 
[6] 

1,32 - 4,72 - - - 50 1100 

Table A  ̶  The gathered data from previous articles is here presented with increasing carbon content (wt%). 
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Fig. 2  ̶  Gibbs energy for phases α-ferrite, BCC_A2, and γ-austenite, FCC_A1, calculated in Thermo-Calc. 

 

The Gibbs energy is calculated for each phase and each temperature and the resulting driving force 
for martensite is evaluated. The driving force for the austenite to martensite transformation is taken 
to be the Gibbs energy for α-ferrite minus the Gibbs energy for γ-austenite. This subtraction is given 
the notation ΔGγ→α and is plotted against the percentage of martensite in Fig. 3. 

 

 

Fig. 3  ̶  Estimated percentage of martensite plotted against the Gibbs energy for the austenite to martensite 
transformation. 
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The Gibbs energy associated with reaching initial transformation does not affect the additional 
needed Gibbs energy to reach full completion. In Fig. 4 the data in Fig. 3 has been normalised 
according to Gibbs energy associated with the initial martensitic transformation.  

 

 

Fig. 4  ̶  Estimated percentage of martensite plotted against the driving force in Gibbs energy for the austenite to 
martensite transformation minus the Gibbs energy needed to initiate transformation. 

 

As many processes can be described as an exponential function a first approach to find the 
relationship is to investigate the amount retained austenite on a logarithmic scale, like previously 
suggested by Koistinen and Marburger [3], where a best fitting straight line is used to get the related 
equation. However, as seen in Fig. 5, the straight line does not fit the data in a satisfactory way. This 
clearly shows that the best fitting function cannot be described by a simple exponential function as 
the spread of the data is large. Another approach is the Gompertz function, [Eq. 4], which is used to 
describe processes where the rate increase is slow at the beginning and at the end of the process as 
clearly shown in Fig. 4:  

( ) exp( ( ))Gmprtz x a b exp cx= × ×    [Eq. 4] 

where the constant a is the upper asymptote, b describes the variable displacement and c gives the 
steepness of the slope [5]. Due to the nature of the function it is impossible to determine the 
constants algebraically and hence a numerical software is required. Using numerical software and 
the given data for all the steels, [Eq. 5] gives the best fit to all of the existing data: 

( )394.85exp -3.84 exp(( ) 5.13 10 )V −= × Ψ × ×    [Eq. 5] 

where   G -
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Fig. 5  ̶  The best fitting straight line to the values for the estimated amount of austenite on a logarithmic scale. As can be 
seen, this accuracy is not satisfactory. 

 

 As seen in Fig. 6 the influence of Fe-0,46 is greater than any other series as it consists of a larger 
number of values. It is therefore interesting to see how the equation changes when removing the 
data for Fe-0,46. [Eq. 6] gives the best fit to the remaining data: 

( )394.93exp -4.50 exp(( ) 5.19 10 )V −= × Ψ × ×    [Eq. 6] 

[Eq. 5] and [Eq. 6] is plotted with the data in Fig. 6.  

 

To more clearly show the initial transformation the first thirty per cent martensite is highlighted in 
Fig. 7 with [Eq. 5] and [Eq. 6]. 

 

As the spread of the data in Fig. 6 is significant and the slopes of the steels vary it is of interest to find 
a relationship between the slope and a material constant such as Ms. It is hard to find a slope in Fig. 6 
because of the behaviour of the transformation. The retained austenite is used to linearize the data 
from Fig. 6 in Fig. 8. The data used to calculate the slopes is taken from the intervals in Fig. 6 where 
the behaviour of the transformation is the most linear. The different slopes are presented in Table B 
with the corresponding Ms, where the corresponding c constant is also listed.  
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For comparison the most used equations, [Eq.1] and [Eq. 2], are plotted with the data used in the 
present study, but instead regarding undercooling, T-Ms, in Fig. 9. 

 

 

Fig. 6  ̶  The best fitting equations compared with existing data for the martensite transformation with and without Fe-
0,46C.  
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Fig. 7   ̶ [Eq. 5] and [Eq. 6] compared with existing data for the initial martensite transformation according to the driving 
force. 

 

 Fig. 8  ̶  The remaining austenite is logarithmically plotted against the driving force. The black lines show the best linear 
approximation to the data.  
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Steel Characteristic slope in Fig. 8 Ms (°C) C constant 
SAE-T1335 
 

0,007510  338 1.0301E-02 

SAE-3140 
 

0,006589  332 1.0644E-02 

SAE-2340 0,005991  
 

330 8.8065E-03 

Fe-0,46C 
 

0,002835  315 4.3789E-03 

SAE-1065 
 

0,003888  274 6.5227E-03 

0,9C 
 

0,005018  216 6.0858E-03 

10C2N 
 

0,002648  161 4.3792E-03 

1,5-pct-Cr 
 

0,001933  125 4.2333E-03 

2,8-pct-Cr 
 

0,001850  115 5.2420E-03 

12C2N 
 

0,002570  110 4.8278E-03 

5,4-pct-Ni 
 

0,001620  80 6.4646E-03 

13C5N 
 

0,001933  50 3.8951E-03 

Table B  ̶  The calculated slopes and values for the c-constant from Fig. 8 with the corresponding Ms in descending order. 

 

 

Fig. 9  ̶  [Eq. 1] and [Eq. 2] compared with existing data for the martensite transformation according to undercooling. 
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Discussion and conclusions 
 

When evaluating existing relationships previously presented by Harris and Cohen [Eq. 1] and by 
Koistinen and Marburger [Eq. 2] it is evident that they do not give a satisfactory approximation for 
the fraction of the transformed austenite as a function of temperature below Ms. At small levels of 
undercooling the calculated amount of martensite is too high and for higher undercooling the 
expected amount is too low. Also, both [Eq. 1] and [Eq. 2] do not consider the exponentially 
increasing amounts at low levels of undercooling. [Eq. 3] has a number of constants that varies for 
each steel and it can only be used to evaluate one steel at a time and therefore it is not possible to 
compare all the steels using this equation. [Eq. 3] has therefore not been compared with the other 
equations. Ultimately it is preferable to have a model that considers the behaviour of the 
transformation for the whole range. The two relations [Eq. 5] and [Eq. 6] presented in this thesis are 
two equations that gives the best fit to previous data on the relationship between the martensite 
and the resulting driving force at different quenching temperatures. As seen in Fig. 6 the [Eq. 5] and 
[Eq. 6] follows the characteristic behaviour of the transformation. This is also shown in Fig. 7 where 
the exponential behaviour for the initial martensite transformation is captured by [Eq. 5] and [Eq. 6]. 
However the spread of the data makes it impossible to find an equation that describes all the values 
without considering other effects. In Fig. 8 it is obvious that there is a spread of the data as the 
different steels have different characteristic slopes. In Table B the characteristic slope is presented 
with the corresponding Ms and the c-constant.  

 

A trend for the steels which have a high characteristic slope is that they also have a high Ms 
temperature, and the steels which have a low characteristic slope tend to have a low Ms 
temperature. The same characteristics are shown for the c-constant, as the constant gives the 
steepness of the slope. It is possible that a high Ms temperature indicates a transformation that 
requires a lower driving force. This is also apparent by the fact that the range of driving force for the 
transformation is narrower than for a steel which have a lower Ms temperature. Previous 
relationships which describe the martensitic transformation have considered the importance of the 
Ms temperature only in which way it affects the resulting undercooling. This is also used in the 
presented equations [Eq. 5] and [Eq. 6]. However, the effect of the Ms temperature is, as shown in 
Fig. 8, more extended to the behaviour of the whole transformation process; a steel with a higher Ms 
temperature generally have a high characteristic slope and also a narrower range of transformation 
in driving force. To further incorporate the Ms temperature in the [Eq. 5] and [Eq. 6] it is necessary to 
determine a relationship between the constant relating to the slope of the function and the Ms 
temperature. The constant increases with increasing Ms temperature and therefore it is reasonable 
that there is a proportional relationship between the slope and the Ms temperature.  

 

To further investigate the martensitic transformation it is necessary to create series of samples of 
varying composition with a complete range of the transformation, as a few of the existing sources do 
not cover the whole range of the transformation. It is also crucial to evaluate the correct amount of 
martensite in each sample; otherwise the data will be misleading and therefore harmful for the 
approximation. This is also an aspect when determining the Ms temperature. 
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The approach in this thesis of using thermodynamically calculated data is a good base for further 
investigation of the range of the martensite transformation. A first rough approximation in the here 
presented equations show a satisfactory behaviour, especially at lower fractions of martensite.  
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