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ABSTRACT 

 Firstly, an existing thermodynamic model [1] for the predicting of martensite start 

temperature of commercial steels has been improved to include more elements such as N, Si, 

V, Mo, Nb, W, Ti, Al, Cu, Co, B, P and S and their corresponding composition ranges for 

Martensitic transformation. The predicting ability of the existing model is improved 

considerably by critical assessment of different binary and ternary systems i.e. CALPHAD 

approach which is by wise selection of experimental data for optimization of the interaction 

parameters. Understanding the degree of variation in multi-component commercial alloys, 

various ternary systems such as Fe-Ni-X and Fe-Cr-X are optimized using both binary and 

ternary interaction parameters. The large variations between calculated and the experimental 

values are determined and reported for improvements in thermodynamics descriptions.  

 

 Secondly, model for the prediction of Epsilon martensite start temperature of some 

commercial steels and shape memory alloys is newly introduced by optimizing Fe-Mn, Fe-Mn-

Si and other Fe-Mn-X systems considering the commercial aspects in the recent development 

of light weight steels alloyed with Al and Si.   

 

 Thirdly, the effect of prior Austenite grain size (pAGS) on martensite start temperature 

is introduced into the model in the form of non-chemical contribution which will greatly 

influence the Gibbs energy barrier for transformation.  A serious attempt has been made to 

describe the dependency of transition between lenticular and thin-plate martensite 

morphologies on the refinement of prior Austenite grain size.   

 

 Finally, the model is validated using a data-set of 1500 commercial and novel alloys. 

Including the newly modified thermodynamic descriptions for the Fe-based TCFE9 database 

by Thermo-Calc software AB, the model has the efficiency to predict the martensite start 

temperature of Multi-component alloys with an accuracy of (±) 35 K. The model predictability 

can be further improved by critical assessment of thermodynamic factors such as stacking faults 

and magnetism in Fe-Mn-Si-Ni-Cr systems. 

 

Keywords:  martensite start temperature (Ms), Thermodynamic modelling, Austenite 

grain size, Epsilon martensite, CALPHAD. 
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SAMMANFATTNING 

För det första har en befintlig termodynamisk modell [1] för förutsägelse av martensitens 

starttemperatur av kommersiella stål utvidgats till att inkludera fler element såsom N, Si, V, 

Mo, Nb, W, Ti, Al, Cu, Co, B, P och S och deras motsvarande sammansättning varierar för 

martensitisk transformation. Den befintliga modellens förutsägningsförmåga förbättras 

avsevärt genom kritisk bedömning av olika binära och ternära system, dvs CALPHAD-

tillvägagångssätt som är genom klokt urval av experimentella data för optimering av 

interaktionsparametrarna. Förstå graden av fel i flera komponenter kommersiella legeringar, 

olika ternära system som Fe-Ni-X och Fe-Cr-X optimeras med hjälp av både binära och ternära 

interaktionsparametrar. De stora variationerna mellan beräknade och experimentella värden 

bestäms och rapporteras för förbättringar av termodynamikbeskrivningar.  

 

För det andra introduceras modell för förutsägelse av Epsilon Martensit-

starttemperaturen för vissa kommersiella stål- och formminnelegeringar genom att optimera 

Fe-Mn, Fe-Mn-Si och Fe-Mn-X-system med tanke på de kommersiella aspekterna i den senaste 

utvecklingen av ljus viktstål legerade med Al och Si.  

 

För det tredje införs effekten av tidigare austenitkornstorlek (pAGS) på Martensit-

starttemperaturen i modellen i form av icke-kemiskt bidrag, vilket kraftigt påverkar Gibbs 

energibarriär för transformation. Ett allvarligt försök har gjorts för att beskriva övergången 

mellan lentikulära och tunnplatta martensitmorfologier vid förfining av tidigare 

austenitkornstorlek.  

 

Slutligen valideras modellen med en dataset med 1500 kommersiella och nya 

legeringar. Efter serier av nymodifierade termodynamiska beskrivningar för den Fe-baserade 

TCFE9-databasen av Thermo-Calc software AB har modellen effektiviteten att förutsäga 

martensitens starttemperatur för multikomponentlegeringar med en noggrannhet av ± 35 ° K. 

Modellen förutsägbarhet kan förbättras ytterligare genom kritisk bedömning av 

termodynamiska faktorer som stacking fault energer och magnetism i Fe-Mn-Si-Ni-Cr-system. 

 

Nyckelord:  Martensit starttemperatur (Ms), Termodynamisk modellering, Austenit 

kornstorlek, Epsilon Martensit, CALPHAD. 
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1. INTRODUCTION 

1.1 Aim of the work  

 The aim of this work is to extend the works of Stormvinter et.al [1] and Borgenstam et.al 

[2] to develop a robust thermodynamic model with the ability to predict the martensite start 

temperature of multi-component steel alloys consisting of different alloying elements such C, 

Ni, Cr, Mn, Co, Si, Cu, Al, W, Ti, Nb, V, Mo, B, P and S with different morphologies such as 

Lath, Plate and Epsilon martensite [3].  The prior Austenite grain size effect on Martensitic 

transformation is to be introduced into the model due to technological importance of fine 

grained dual phase Ferritic-Martensitic steels [4]. 

 The thermodynamic Ms model with updated parameters will be one of the most 

efficient method to obtain the martensite start temperature in commercial steels. Since the 

results completely rely on the thermodynamic database and optimized parameters, and since 

the validation is limited to the available dataset, the results with large variations are more likely. 

The user’s feedback and suggestions are most important for the improvements in the 

thermodynamic descriptions.   

1.2 Martensite and Martensitic Transformation 

 To describe martensite and martensitic transformation, one needs to understand 

different allotropic transformations in elemental iron. Pure iron undergoes solid-phase 

transformation upon heating or cooling i.e. crystal structure or arrangement of atoms changes 

which results in variation of physical properties in the bulk material. Pure iron at room 

temperature has body centred cubic (bcc) structure where the arrangement of atoms in a unit 

cell are such that one atom is positioned at each corner of the cube and one atom at the body 

centre of the cube.  This homogeneous and isotropic phase with bcc structure is called α-phase 

or “Ferrite”.  Upon heating to 1063K, the α-phase transforms into β-phase which represents the 

change in magnetic properties i.e., transformation of ferro-magnetism to para-magnetism but 

the crystal structure remains the same i.e. bcc structure. On contrary, the elementary or other 

iron alloys don’t possess β-phase on any scientific articles or handbooks rather it is still called 

α-phase since there is no structural change or rearrangement of atoms within the unit cell.  

Further heating to about 1183K, the paramagnetic bcc α-phase transforms into face-centered 

cubic (fcc) structure called γ-phase where one atom is positioned at each corner of the cube 

and one atom on the face side of all eight faces of the cube in a unit cell.  This homogeneous 
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and isotropic fcc  phase is often called as “Austenite”. The last solid-state phase transformation 

occurs at 1673K, where the fcc γ-phase transforms into bcc structure which is called δ-phase 

[5]. Phase transformation in elementary iron is also controlled by applied pressure. Figure 1.2.1 

represents the T vs. P phase diagram in elementary iron. Iron exhibits hexagonal closed-packed 

h.c.p. structure at very high pressure which is often called as “Epsilon”. 

 On rapid cooling, a shear like, diffusionless transformation from fcc austenite phase to 

b.c.t. structure involving the co-operative movement of atoms over distance less than one 

atomic diameter and accompanied by macroscopic change of shape of the transformed volume 

is termed as Martensitic transformation [6] and the resulting structure is called Martensite. 

 

Figure 1.2.1: Temperature Vs Pressure to show allotropic forms of iron [8] 

 Upon cooling from high temperature γ-phase, the carbon steels transform to various 

stable and/or metastable depending on the cooling rates as shown in figure 1.2.2.  

 

 Figure 1.2.2: Cooling curves superimposed on a hypothetical t-T diagram [9] 
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 When fully austenitic phase is cooled to lower temperature at different constant and/or 

varying cooling rates, the transformed phases have different microstructure and hardness. 

Curve 1 represents slow cooling in furnace which results in coarse pearlite structure with lower 

hardness. The transformation starts at x1 and ends at x1
′  leading to 100% pearlite but since the 

cooling is not isothermal, the sizes of pearlite grains during end of transformation are finer 

compared to the grains at the start due to athermal transformation. Curve 2 represents 

isothermal transformation of austenite into pearlite by cooling it at predetermined temperature 

and holding at constant temperature until the transformation ends. This results in more uniform 

microstructure and hardness. Curves 3 and 4 represents continuous cooling with higher cooling 

rates which results in finer pearlite structure. Once all the austenite is transformed to pearlite 

the material can be rapidly cooled to room temperature without any further transformation or 

any changes in the refinement. Curve 5 represents the continuous cooling curve with complex 

structure, the austenite is cooled in the nose region where it transforms into 25% pearlite and 

further cooling with not revert the transformed phase to austenite rather it will remain pearlite 

and only the retained austenite will start transforming into martensite at Ms and ends at Mf 

temperature resulting in 25% pearlite and 75% martensite. Curve 6 represents the continuous 

cooling for martensitic transformation i.e., the cooling rate is so high such that it avoids the 

nose region. Austenite starts transforming into martensite at Ms temperature and progresses 

further upon cooling and finally ends at Mf temperature which implies 100% martensite. The 

martensite transformation temperature depends upon the alloying elements and austenite grain 

size which influences the stability of austenite phases. The effect of alloying elements and prior 

austenite grain size will be discussed in upcoming sections.  

 

1.3 Martensite start temperature (Ms) 

 Upon rapid quenching the material from temperatures above A3 or eutectoid A1, the 

austenite transforms into martensite structure. martensite start temperature (Ms) is referred to 

the temperature at which the first grains of martensite is nucleated in the austenite grain due to 

rapid cooling.  

 

1.4 Crystallography of Martensitic Transformation 

 The initial theories by Kurdjumov-Sachs [10], Z. Nishiyama [11] and Bain [12] have been 

published to explain the crystallography of martensitic transformation in terms of lattice 
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orientation relationships between parent and product phases, shape changes and morphologies 

depending upon the habit plane and nature of interfaces. The shape change due to the co-

operative displacive movement of atoms, the direction and magnitude of habit planes is 

significant for the martensitic transformation and determines the variants of morphologies 

transformed. The shape distortion is majorly contributed by the shear and minor volume 

distortion accompanying transformation. Even though the earlier theories were not fully 

convincing, the later theories by Wesler et.al [13], Bowles and Mackenzie [14] and Bullough and 

Bilby [15] heavily relied on the fundamental approach of older theories. Rather they 

concentrated more on the nature of interface and orientation relationships between martensite 

and parent phases. The latest theories started to focus more on the surface dislocations and led 

to the new theories of invariant plane theories.  

 Kurdjumov-Sachs [10] postulates a theory to define the transformation of fcc (γ) to bcc 

(α) by two shear mechanism without reconstruction of crystal structure, in which the first shear 

was believed to occur on a {1 1 1}γ plane in a 〈1 1 2〉γ direction and the second shear on a 

plane normal to the original {1 1 1}γ to rearrange the atoms to form {1 1 0}α of the bcc 

martensite plane. 

 Bain’s correspondence [12] between the fcc to bcc lattices were not proved by his shear 

theories alone and could not explain the surface tilts which are observed experimentally during 

transformation. But the shape change during transformation was caused by an invariant plane 

which is the habit plane. However, to compensate the fact to produce an undistorted habit plane 

with another deformation along with Bain´s strain, the invariant plane theories have introduced 

an additional deformation in the form of shear. In effect, lattice vectors lengthened by the Bain 

strain are correspondingly shortened by the “inhomogeneous” or “complementary” shear. 

Although these combined deformations produce an undistorted plane, such a plane is rotated 

relative to its original location, and therefore it is necessary to introduce a rigid body rotation 

for complete description of crystallographic theory of martensite transformation [16].  

 

Fig 1.4.1: Bain Correspondence in the transformation of γ to α'. Ο-Fe atom, X-Carbon atom [11,12] 

(a) γ – Austenite fcc phase (b) α' – b.c.t. phase 
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 In the figure 1.4.1, fig (a) represents two unit cells of fcc lattice and fig (b) represents 

the b.c.t. lattice from the two unit cells of fcc lattice when considered that the y-axis is rotated 

45° along the vertical axis. The lattice correspondence between fig (a) and (b) in the fig 1.4.1 

is known as Bain’s correspondence and the concept that the α' lattice could be generated from 

the γ lattice by such a distortion as by decreasing the tetragonality from √2 was adopted.  

 Later, Jawson and Wheeler [18] tried to fill the gap from the earlier theories stating that, 

if some form of homogeneous deformation produced the martensite lattice from the parent 

austenite, the associated disturbance of the austenite matrix surrounding the transformed 

martensite plate would be considerably large, unless the boundary between the phases was 

unrotated. In other words, the condition they imposed on the overall transformation strain was 

that it had to leave the martensite habit plane unrotated. These factors have led Greninger and 

Troiano [19] to focus their attention on the surface tilts observation of the shape strain 

accompanying the transformation. All these theories led to the development of the new 

Phenomenological Theory of Martensitic Crystallography (PTMC) to explain the combined 

effect of Bain’s correspondence and shape strains along the habit plane involved in the 

transformation of fcc to bcc/b.c.t. lattices. PTMC incorporates an additional strain which does 

not alter the crystal structure of either of the phases but this ‘Lattice Invariant strain’ (LIS) does 

change the shape of the transformed volume. The volume change is associated with slip or 

twinning mechanism which is initiated by shear, as shown in the figure 1.4.2. The main aim of 

this section is to understand the basic crystallography of martensitic transformation and the 

readers are advised to refer the original sources cited for more detailed information.  

 

Fig 1.4.2: The experimentally observed surface tilts on the pre-polished surface after transformation 

shows the lenticular martensite plate in section with possible evidence for the lattice invariant shear in the form 

of twinning or slip [17]. 
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1.5 Thermodynamics of Martensitic Transformation 

 The thermodynamic modelling of martensitic transformation relies on the 

thermodynamic properties i.e. Gibbs energies of the stable phases to describe the 

transformation. Figure 1.5.1 shows the schematic representation of Gibbs energies of bcc and 

fcc phases in iron at different temperature. At higher temperature, the austenite fcc phase or the 

parent phase is stable and at relatively lower temperature the martensite phase or product phase 

becomes stable. To develop a model to predict the Ms temperature using thermodynamic 

properties, Kaufman and Cohen [20] introduced the concept of T0 temperature at which the 

chemical Gibbs energy of austenite parent phase and martensite product phase are equal. In 

principle, the parent austenite phase and the product martensite phase are in thermodynamic 

equilibrium and formation of any of the either phases require to overcome the chemical barrier. 

The formation of martensite require a chemical driving force (-𝛥𝐺𝑚
𝛾→𝛼

) to overcome the 

chemical Gibbs energy barrier (𝛥𝐺𝑚
∗𝛾→𝛼

). 

 

Fig 1.5.1: Schematic representation of the chemical Gibbs energies of parent austenite phase (γ-FCC) and 

product martensite phase (α'-BCT). The figure also represents T0, Ms and As temperatures. 

 

 The chemical driving force for the formation of martensite at T0 temperature is zero, to 

form martensite the driving force must increase and overcome the chemical barrier. The 

available driving force for athermal transformation depends upon the temperature and alloy 

composition. Ghosh and Olson [21] explains the compositional dependence on the athermal 

friction work required for the interface movement which controls the kinetics of transformation 

based on solid solution hardening. For diffusionless transformation of γ→α', the chemical 

driving force (−𝛥𝐺𝑚
𝛾→𝛼

) required is the difference of their molar Gibbs energies at the given 

temperature. 

    −ΔGm
γ→α

=  ΔGm
γ

− ΔGm
α     (Eq 1.4a) 
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 Thermodynamic models require access to the thermodynamic information which are 

usually stored in the form of databases. The databases are filled with required and easily 

accessible evaluated/validated thermodynamic information in the form of Gibbs energy which 

can be retrieved during property model calculations. The Gibbs energies of the solution phases 

in the system are modelled using Compound Energy Formalism which was developed by 

Hillert [22]. The phases are modelled using Compound Energy Formalism to consider the effects 

of lattice stabilities to describe the complete composition range of substitutional elements. 

Regular solution model which was earlier used to model the Gibbs energies of solution phases 

considered the mole fractions of the substitutional elements and the effect of random mixing 

among the sub-lattices were assumed to estimate the value for constitutional entropy. The ideal 

entropy of mixing can be calculated using fraction of elements in each sub-lattice known as 

‘site fractions’ (𝑦𝑗) which is the ratio of constituent j in the sub-lattice. A solution phase is 

modelled by a formula (A, B) a (C, D) b such that A and B are substitutional elements which 

mix in the first sub-lattice and C and D are the interstitial elements and vacancies mixing in the 

second sub-lattice. The subscript a and b represents the stoichiometric co-efficiencies such as 

for bcc phase, a = 1 and b = 3, and for fcc phase, a = b = 1.      

 For example, the molar Gibbs energy of bcc phase in a system (A, B) a (Va, C) b is 

written as follows: 

 
Gm

bcc =  yA
′  yVa

′′  °GAa
+  yA

′  yC
′′ °GAaCb

+ yB
′  yVa

′′  °GBa
+  yB

′  yC
′′ °GBaCb

+ 

aRT [yA
′ lnyA

′ +  yB
′ lnyB

′ ] + bRT [yVa
′ lnyVa

′ +  yC
′ lnyC

′ ] + EGm + Gm
mag,α

  (Eq 1.4b) 

 
 where,  

• EGm is the excess Gibbs energy and is written as follows: 

 
EGm = yA

′ yVa
′′ yC

′′LA:Va,C + yB
′ yVa

′′ yC
′′LB:Va,C + yA

′ yB
′ yVa

′′ LA,B:Va + yA
′ yB

′ yC
′′LA,B:C +

yA
′ yB

′ yVa
′′ yC

′′LA,B:Va,C         (Eq 1.4c) 

 
• and Gm

mag,α
 is the magnetic contribution to Gibbs energy and is written as 

follows: 

 
    Gm

mag,α
= RTln(βα + 1)𝑓(τα)   (Eq 1.4d) 

 where,  

• βα is the average Bohr magneton number of α-phase 
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• τα = T/Tc
α, Tc

α is the curie temperature of α, the random mixing of solution 

phases in multi-component system can be approximated by employing 

Redlich-Kister power expansion method. 

 Using the compound energy formalism model, Thermo-Calc Software AB has 

developed the TCFE9 [8] iron based database which contains thermodynamic information 

required to calculate the driving force required for transformation and to add the sufficient 

excess Gibbs energy corresponding to the experimental data.  

1.5.1 Modelling of martensite start temperature 

 Several empirical and semi-empirical models have been developed to predict the 

martensite start temperature in commercial steels but the initial fully thermodynamic model 

with fitting parameters was developed after the advancement of CALPHAD approach by 

Ghosh and Olson [21]. The model to calculate the critical driving force was developed based on 

the strain energies, defect-size and composition dependent interfacial energies. Later Ghosh 

and Olson [23] developed a robust model to predict the Ms of commercial steels by the 

advancement of kMART database which was derived from Thermo-Calc Software AB 

developed SSOL database by modifying the interaction parameters used for modelling the 

Gibbs energies of solution phases and composition dependence on Bohr’s magneton number 

and Curie temperatures in several binary systems. 

 A. Borgenstam et.al [2] have developed a model to calculate the critical driving force for 

fcc to bcc transformation in steels distinctly for lath and plate martensites separately. They have 

evaluated several rapid cooling experimental data as a function of cooling rates and alloy 

content to distinguish the driving forces for two distinct Ms curves i.e. plateau III-lath and 

plateau IV-plate martensite. They have a huge collection of raw experimental Ms data which 

was later used by A. Stormvinter [1] to validate the model using batch calculations which 

involve multi-component commercial steel alloys. The main idea of the model is to evaluate 

the chemical barrier for fcc-bcc transformation based on experimental data and fit the 

interaction parameters in the excess Gibbs energy term of the critical driving force.  

 The model developed by A. Stormvinter [1] is adopted into the property model calculator 

in Thermo-Calc Software AB graphical module while retrieving the thermodynamic 

information from TCFE9 database [8]. The chemical barrier for diffusionless fcc to bcc 

transformation is retrieved by the Gibbs energy system (GES). TCFE9 is a thermodynamic 

database which contains thermodynamic properties of steel and many Fe-based alloys. Many 
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important binary and ternary systems particularly the Fe-rich regions are critically assessed to 

describe each solution phases for commercial applicability and for new alloy development. The 

TCFE9 database has been updated from existing TCFE8 database to modify and/or improve 

the thermodynamic descriptions of fcc, bcc and h.c.p. phases in some of the binary and ternary 

systems which were found during this work. Few case studies were carried out on systems to 

analyse the huge uncertainties and/or impractical results, which resulted in modification of 

thermodynamic descriptions.  

 The present approach of developing the Ms model is same as that of A. Stormvinter [1] 

and the calculation of critical driving for transformation is inherited from the works of A. 

Borgenstam [2] et.al. They have assessed many binary Fe-X systems to calculate the critical 

driving force and extrapolated it to find the critical driving force for the formation of Plateau 

III-Lath and plateau IV-Plate martensite in pure Fe. The driving force for the formation of lath 

martensite based on the reported experimental data extrapolated to pure Fe is as follows [2]: 

 
   ΔGm(Lath)

∗γ→α
= 3640 − 2.92T(K)       J/mol   Eq 1.4.1a 

 
 The calculated driving force [2] using SGTE database for formation of Lath martensite 

in pure iron is a function of formation temperature which are experimentally reported. They [2] 

also calculated the driving force for the formation of plate martensite in pure Fe based on 

experimentally reported formation temperature as follows: 

 
                                          ΔGm(Plate)

∗γ→α
= 3640         J/mol    Eq 1.4.1b 

 
 A. Stormvinter [1] have represented the chemical barrier for γ→α transformation as the 

summation of product of molar Gibbs energy and u-fractions of alloying elements: 

 

        ΔGm′
∗γ→α

=  ∑ uM(1 − uC)M ΔGMVa
∗ + ∑ uMM uCΔGMC

∗   Eq 1.4.1c 

 where, 

• uM and uC are the u-fractions of substitutional and interstitial elements 

• ΔGMVa
∗  is the hypothetical chemical barrier for pure metal, M. 

• ΔGMC
∗  is the hypothetical chemical barrier for the component MC. 

 
 The present model has the chemical barrier retrieved from the thermodynamically well-

defined database which is bypassed by the critical driving force based on the experimental data 

using interaction parameters as the function of composition. The following expressions 

represent the equation to predict the Ms temperature in commercial steels: 

Lath Martensite: 
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𝜟𝑮𝒎(𝑳𝒂𝒕𝒉)
∗𝜸→𝜶

= 𝟑𝟔𝟒𝟎 − 𝟐. 𝟗𝟐𝑴𝒔 + 𝑳𝑪𝒙𝑪 + 𝑳𝑪𝟐

𝒙𝑪
𝟐

(𝟏 − 𝒙𝑪 − 𝒙𝑵)
+ 𝑳𝑪𝒓𝒙𝑪𝒓 + 𝑳𝑴𝒏𝒙𝑴𝒏 + 𝑳𝑵𝒊𝟏𝒙𝑵𝒊

+  𝑳𝑵𝒊𝟐

𝒙𝑵𝒊
𝟐

(𝟏 − 𝒙𝑪 − 𝒙𝑵)
+ 𝑳𝑪𝒓,𝑪𝒙𝑪

𝒙𝑪𝒓

(𝟏 − 𝒙𝑪 − 𝒙𝑵)
+ 𝑳𝑪𝒐𝒙𝑪𝒐 + 𝑳𝑵𝒙𝑵

+ 𝑳𝑪𝒐𝟐

𝒙𝑪𝒐
𝟐

(𝟏 − 𝒙𝑪 − 𝒙𝑵)
+ 𝑳𝑴𝒐𝒙𝑴𝒐 + 𝑳𝑵𝒊,𝑪𝒐𝒙𝑵𝒊𝒙𝑪𝒐 +  𝑳𝑵𝒊,𝑪𝒓𝒙𝑵𝒊𝒙𝑪𝒓

+ 𝑳𝑵𝒊,𝑪𝒙𝑪

𝒙𝑵𝒊

(𝟏 − 𝒙𝑪 − 𝒙𝑵)
+ 𝑳𝑺𝒊𝒙𝑺𝒊                                                           𝑬𝒒 𝟏. 𝟒. 𝟏 

Plate Martensite: 
 

𝜟𝑮𝒎(𝑷𝒍𝒂𝒕𝒆)
∗𝜸→𝜶

= 𝟐𝟏𝟎𝟎 +  𝑷𝑪𝟏𝒙𝑪 + 𝑷𝑪𝟐

𝒙𝑪
𝟐

(𝟏 − 𝒙𝑪 − 𝒙𝑵)
+ 𝑷𝑪𝒓𝒙𝑪𝒓 + 𝑷𝑴𝒏𝒙𝑴𝒏 + 𝑷𝑵𝒊𝒙𝑵𝒊

+ 𝑷𝑵𝒊𝟐

𝒙𝑵𝒊
𝟐

(𝟏 − 𝒙𝑪 − 𝒙𝑵)
+ 𝑷𝑪𝒓,𝑪𝒙𝑪

𝒙𝑪𝒓

(𝟏 − 𝒙𝑪 − 𝒙𝑵)
+ 𝑷𝒄𝒐𝒙𝑪𝒐 +  𝑷𝑵𝒊,𝑪𝒓𝒙𝑵𝒊𝒙𝒄𝒓

+ 𝑷𝑪𝒐𝟐

𝒙𝑪𝒐
𝟐

(𝟏 − 𝒙𝑪 − 𝒙𝑵)
+  𝑷𝑵𝒊,𝑪𝒐𝒙𝑵𝒊𝒙𝑪𝒐 +  𝑷𝑨𝒍𝒙𝑨𝒍 + 𝑷𝑺𝒊𝒙𝑺𝒊              𝑬𝒒 𝟏. 𝟒. 𝟏𝒆 

 
 Equation 1.4.1 d and 1.4.1e are required to predict the Ms temperature of commercial 

steels i.e., when the available driving force is equal to the required driving force or the 

transformation barrier. LM are the first order lath binary interaction parameter for which M = 

(C, Cr, Mn, Ni, Co, N, Mo, Si),  LM2 are the second order lath binary interaction parameter for 

which M = (C, Ni, Co) and LM,N are first order lath ternary interaction parameters for which M 

and N are two other alloying elements in steel alloy.  Similarly, PM and PM,N represents the 

corresponding interaction parameters for plate martensite. The values of the interaction 

parameters are optimised as part of this work and are not reported as they are intellectual 

property of Thermo-Calc software AB. 

 

1.6 Effect of alloying elements 

 The main aim of this work is to calculate the effect of alloying elements on the 

martensitic transformation in multi-component commercial alloys. The critical driving force 

required for the onset of diffusionless transformation is calculated by fitting the interaction 

parameters as the function of alloying composition based on available experimental data. The 

previous experimental Ms data for binary and ternary systems are collected and the driving 

force for transformation are calculated.   
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Fig 1.6a, b: The effect of alloying elements on martensite start temperature in steels [24] 

  

 Fig 1.6 (a, b) represents the effect of different alloying elements on martensite start 

temperature in steels. The influential effect of alloying can be defined as the ability of the 

alloying elements to stabilize the parent austenite phase. The alloying elements can be 

classified as austenite stabilizers and ferritic stabilizers, where the hardenability of austenite 

phase imposes different chemical barrier for transformation. The higher the chemical barrier, 

the higher is the required driving force and hence the undercooling below T0 temperature also 

increases suppressing the Ms temperature. 

 

Fig 1.6c: Effect of alloying elements on the formation of γ-loop (austenite thermodynamically stable 

area) in Fe-X binary phase diagram [25] 

 

  

Austenite stabilizers: C, Ni, 

Mn, Cr, Cu. 

Ferritic Stabilizers: Al, Si, 

Ti, V, W, Mo, P, Nb,  
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 From the fig 1.6c the effect of alloying elements on the formation of γ-loop in the Fe-

X binary phase diagram which can be explained as the solubility of different substitutional and 

interstitial alloying elements in fcc phase. The alloying elements, apart from stabilizing 

austenite or ferrite influence the hardness/strength of austenite which will lower the Ms 

temperature of steels except few elements like Co and Al. The interstitial elements like Carbon 

and Nitrogen have the major effect of Ms by lowering it by about 300°C per weight percent. 

The effect of other alloying elements on Ms are estimated by several researchers and it depends 

upon the level of purity and measurement techniques. The change in Martensite start 

temperature per atomic weight of alloying elements is summarized and tabulated in the table 

1.6.  

 Many empirical models predict the Ms of steels as the additive function of composition 

with a co-efficient factor fitted to the experimental data. The reliability of those models is 

suspicious due to the combined effect of substitutional and interstitial elements. So, it is always 

reliable to depend on thermodynamics with fitting parameters to enhance the predicting ability 

of the model. The combined effects can be models using Redlich-Kister polynomial for mixing 

of the Gibbs energy and the assessment of ternary systems with reliable experimental data. 

 One of the most important considerations is the composition of austenite phase during 

the calculation of Gibbs energy of solution phases due to the ability of alloying elements to 

form carbides, oxides and borides at high temperatures above A3. Composition of austenite 

must not be confused with the composition of bulk steels when the steel contains carbide 

forming elements. Condition of solution treatment apply for such instances where the software 

considers the composition of austenite rather than the composition of bulk steel. Another 

important thermodynamic consideration is the effect of alloying elements on Curie 

temperature/ Néel temperature in binary systems which significantly influence the Gibbs 

energy of the system during cooling. The ascending order of alloying elements on lowering the 

Néel temperature, TN is as follows: Cr – Al – Si – C. 
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Table 1.6: Effect of alloying elements on Ms temperature [26] 

 

Alloying 

Elements 

Change of Ms per Wt.% of 

alloying element 

°C °F 

Carbon -350 -630 

Manganese -40 -72 

Vanadium -35 -63 

Chromium -20 -36 

Nickel -17 -31 

Copper -10 -18 

Molybdenum -10 -18 

Tungsten -5 -9 

Silicon 0 0 

Cobalt +15 +27 

Aluminium +30 +54 

 

1.7 Effect of prior Austenite grain size (pAGS) 

 Another main aim of this work is to define the relationship between prior Austenite 

grain size (pAGS) and martensite start temperature, Ms.  The initial investigation of effect of 

austenite grain size on Ms was made during the investigation of effect of austenization 

temperature and time on Ms by Sastri and West [27] and later the burst characteristics of 

athermal transformation in Fe-Ni and Fe-Ni-C alloys by M. Umemoto and W. S. Owen [27]. 

They have noticed that the Ms temperature was lowered by the refinement of the austenite grain 

size. It was found that the effect of austenite grain size was a non-chemical contribution to the 

Gibbs energy of transformation i.e., it is independent of alloying composition. Several 

researchers [28-30] have tried to explain the physical effect behind the lowering of Ms which 

includes the Hall-Petch effect of grain boundary strengthening of austenite and the effect of 

stacking fault on formation of epsilon martensite in Fe-Mn systems. S. Takaki et.al [31] 

investigated the effect of austenite grain size on fcc to hcp transformation in Fe-15%Mn 

ranging from 1 to 130µm and explains the effect of critical grain size as the function of elastic 

coherent strain at γ/ϵ interface which lowers the Ms at grain size below 30µm. Hang and 

Bhadeshia [28] studied the Fisher model for the geometrical partitioning of austenite grains by 

pates of martensite and explained the effect of chemical homogeneity, defect structure of 

austenite including the presence of martensite embryo, stacking fault of austenite and austenite 

grain size as the variables for lowering Ms in steels. They finally concluded that the thermal 
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stability of austenite significantly depends on grain size whereas the mechanical stability is 

independent of grain size. A. Garcia-Junceda et. al [31] developed an artificial neural network 

model to predict the martensite start temperature of steels as the function of austenite grain size 

and found that the rate of increase in Ms as the function of pAGS depends upon the grain size 

and transformed morphology i.e., large for fine grains and less for coarse grains. 
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2. EXPERIMENTAL Ms TEMPERATURE 

2.1 Experimental methods 

Collection of several experimental data with high consistency is very important for the 

optimization of fitting parameters in the Ms model. The model parameters completely rely on 

the experimental data for optimization by approximating the excess Gibbs energy required to 

overcome the chemical barrier for the formation of diffusionless transformation. So, the 

experimental data is always taken from the original source and cross references are mostly 

avoided to eliminate the risk of missing information about the experimental setup. Different 

experimental methods have different levels of uncertainties and limitations. The accuracy and 

precision of the experimental and measurement methods used must be understood before using 

those values in parameters optimization. Determination of martensite start temperature in 

laboratory is performed using several methods and the reliability of such results must be 

studied. Following are some of the experimental methods used in determining the martensite 

start temperature in steel samples. 

2.1.1 Dilatometry 

Martensite start temperature is the measure of the temperature at which the first grain 

of martensite nucleates in the austenite grain. Practically it is impossible to measure the 

temperature at which the first martensite grain is formed. In principle, the martensite start 

temperature is detected as the sharp deviation in the length during cooling which is due to the 

volume strain accompanied during solution solid-state transformation. The dilatometric 

apparatus consist of a push rod type or a LVDT (Linear Variable Differential Transformer) 

which will detect the change of length as the function of temperature. The sensitivity of the 

device depends upon the experimental set-up and the degree of internal and external variables. 

Thermal expansion co-efficient of austenite and noise must be considered while evaluating the 

Ms temperature from the plots and offset method is the best option to eliminate the potential 

errors. Hang and Bhadeshia [32] studied the uncertainties in the dilatometry experiments and 

have estimated to be around (±) 12 degrees, so the experimental Ms data considered for the 

optimization are prone to a variation if necessary.  

Electrical resistivity, Differential scanning calorimetry and Vibrating sample 

magnetometer are some of the other measurement techniques used to measure Ms. 
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2.2 Experimental Data: Effect of alloying on Ms 

The model optimization relies on experimental data and collection of various 

experimental data on martensite start temperature in steels preferably binary and ternary 

systems is crucial. As discussed in previous section, the reliability of the experimental data 

depends upon the overall experimental methods, sensitivities of the detection methods and the 

external validity of the published scientific articles. The martensite start temperature (Ms) of 

various binary, ternary and multi-component systems have been measured by various 

researchers since 1930’s. Collection and evaluation of such data will be specifically discussed 

for some important alloying elements as binary and Ternary systems with Fe. The experimental 

data are further discussed with respect to their composition, impurities, austenization 

temperature, cooling rates and resulting transformation morphologies i.e., Lath, Plate and 

Epsilon.  

2.2.1 Fe-C Binary system for fcc(γ) to bcc(α) transformation 

Carbon is inevitably the most common alloying element which increases the strength 

and hardness of steels. Carbon being an interstitial alloying element greatly influence the 

martensitic start temperature by increasing the chemical barrier and in turn the driving force 

required for transformation. Carbon suppresses the Mstemperature by about 350° C per wt.% 

of alloying in pure iron. A. Stormvinter [1] and A. Borgenstam [2] have collected and analyzed 

all the available experimental information in Fe-C binary system. In this work, those 

experimental data are reviewed again and are used for re-optimization using the latest 

thermodynamic description and included Zener’s ordering contribution. The parameters are re-

optimized based on the results from the batch calculation i.e., by fixing all the other binary and 

ternary parameters, Fe-C binary interaction parameters are optimized to get better results. 

Mirzayev.et al [34] have studied the influence of cooling rates on transformation of γ to α in Fe-

C system with carbon up to 0.75 wt.% and cooling rates from 5 to 250 x 103 deg/sec. They 

observed two distinct Ms curves for both lath and plate martensite and the transition between 

the morphologies was at about 4.0 at% carbon. Oka and Okamoto [36] have investigated the 

swing back reverse kinetics at Ms curves in hypereutectoid steels in the range of 0.85 to 1.80 

wt.% C). The experimental Ms data looks reasonable and they did metallographic analysis 

which shows clear plate like martensite with recognizable midrib. 
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2.2.2 Fe-Ni Binary system for fcc(γ) to bcc(α) transformation 

Nickel is one of the most important alloying elements in steels due to its technological 

importance. The γ to α transformation in Fe-Ni system have been studied since late 1940´s and 

several authors have published the experimental Ms temperatures for composition ranging from 

0 to 32 wt.% nickel. The metallographic analysis of rapid cooled experiments shows that Lath 

martensite predominates at low nickel content up to 27 wt.% followed by plate martensite from 

28 wt.% to 32wt.%. The transition of morphologies had been discussed several times and still 

no clear sharp composition found and it has been concluded that the transition between lath 

and plate is incorporated with a small range of mixed morphologies. Kaufman and Cohen [47] 

investigated the fcc to bcc transformation in Fe-Ni system in the composition range of 9.5 to 

33.2 at% nickel and have reported the Ms values using electrical resistivity method at cooling 

rates of 5°C/min. The experimental values are consistent and follows a smooth decreasing trend 

down to temperature -223°C at 33at% nickel. Mirzayev. et al [39] performed rapid cooling 

experiments on Fe-Ni system in the composition range of 2 to 29 at.% Ni at the cooling rates 

of 80 to 300 x 103 deg/sec. Below 9.8 at% nickel, they found two parallel trends for lath and 

plate but after 9.8 at.%, they have reported single trend which is assumed to be plate like 

martensite all the way till 29 at. % nickel. R. G. B. Yeo [46] have studied the effect of alloying 

elements on Ms and As in steels. They have reported experimental Ms values for Fe-Ni system 

for composition from 19.8 wt.% to 29.55 wt.% nickel using dilatometry by air cooling of ¼ in 

specimens. The sample contains 0.0008 to 0.009 wt.% carbon and 0 to 0.004 wt.% nitrogen.  

A. Shibata et al [43] investigated the relationship between volume changes and 

transformed morphologies in Fe-Ni-Co system, where they reported the experimental Ms for 

Fe-Ni binary system in the composition range of 14.99 wt.% to 32.85 wt.% nickel using 

dilatometer by cooling it in icy brine solution. They also reported the dominating mechanism 

during transformation as Lath and Plate martensite at low and higher nickel content 

respectively. The most difficult task in Fe-Ni system is to decide the transition composition 

between lath and plate martensite since the reported experimental information does not specify 

the exact composition and most of the experiments are either dilatometry or electrical resistivity 

with no metallographic analysis. After critical assessment of several binary data and 

extrapolated data from Fe-Ni-X systems, the transition between lath and plate martensite has 

been fixed at 28.6 at% nickel by using first and second order interaction parameters. The results 

from the batch calculations are satisfactory and the Ms curves are in good agreement even at 

low nickel content.   
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2.2.3 Fe-Co Binary system for fcc(γ) to bcc(α) transformation 

Cobalt is one of those alloying elements which raises the Ms temperature in steels and 

the composition range of martensitic transformation extends up to 50at% cobalt. Mirzayev et 

al [62] investigated the fcc to bcc phase transformation in Fe-Co binary system in the 

composition range of 2.9 at% to 48.9 at% cobalt and reported the experimental Ms at cooling 

rates of 102 to 5 x 105 using liquid or gas spray. Two parallel Ms curves with positive scope has 

been reported for lath and plate martensite and the optimization is done using first and second 

order interaction parameters.   

2.2.3 Fe-N Binary system for fcc(γ) to bcc(α) transformation 

Nitrogen is the interstitial elements which will significantly lower the Ms temperature 

in steels. Case hardening of steels is the case where nitriding is the option to harden the surface 

and subsequent interaction with other alloying elements make nitrogen one of the consideration 

for optimization. Only few works have been reported for the fcc to bcc transformation in Fe-N 

system due to the early insignificance of technological importance and/or difficulty to achieve 

the level of purity while nitriding the pure iron in controlled atmosphere. Bell and Owen [64] 

reported the Ms temperatures of Fe-N system in the composition range of 0 to 2.7wt.% N using 

thermal arrest technique for alloys less than 2.35 wt.% N and by electrical resistivity for alloys 

above 2.35 wt.%. Due to the similarities between martensitic transformation in carbon alloys 

and nitrogen alloys, Zener contribution is considered for the calculation of Gibbs energies of 

transformation. Earlier Bose and Hawkes [37] have reported the Ms temperature of a Fe-

2.35wt.% N as 35°C. Overall the decreasing trend looks consistent and the transition 

morphologies between lath and plate martensite has been assumed to be at 0.9 wt.% N after 

assessing Fe-C binary system and available Gibbs energy before optimization.  

2.2.4 Fe-Mn binary system for fcc(γ) to hcp(ϵ) transformation 

Manganese is one of the important alloying elements due to its unique property to 

transform austenite parent into hcp epsilon martensite phase by twinning at composition above 

12at% manganese. Due to the recent developments in the shape memory alloys and high Mn 

TRIP steels, iron based shape memory alloys and maraging TRIP steels are becoming more 

dominating due to low cost and availability. K. Ishida et al [52] have studied the effect of alloying 

elements on fcc to hcp transformation in Fe-Mn system. They have reported the experimental 

Ms for Fe-Mn in the composition range of 14.77 at% to 27 at% manganese using dilatometry 
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at the cooling rates of 5-10°C/min and are confident of reproducing the results within ±5°C. 

Gulyaev et al [60] investigated the fcc to hcp phase transformation in high purity Fe-Mn alloys 

from 4-25wt.% Mn and reported the experimental Ms temperature using dilatometer by cooling 

at the rate of 10K/min. The samples are subjected to metallographic analysis and X-ray 

diffraction for determining the amount of ϵ- martensite formed. S. Cotes [58] studied the whole 

composition range of fcc to hcp phase transformation in Fe-Mn from 10-30wt% manganese. 

They have reported the Ms values of sample alloying using two different complementary 

measuring techniques i.e., dilatometry and electrical resistivity. The reported Ms values looks 

scattered within a range of ± 15K between two measurement techniques and corresponding 

first and second cycles. Y. K. Lee [56] reported the experimental Ms data for fcc to hcp 

transformation in Fe-Mn ranging from 16wt% to 24wt% manganese. The data looks consistent 

and have a smooth decreasing trend with increasing manganese content.  

2.2.4 Fe-Ni-X ternary system for fcc(γ) to bcc(α) transformation 

From the thermodynamic point of view, optimization of ternary systems is very 

important to understand the combined effect of alloying elements on the stability of parent 

austenite and product martensite phase. The compositional dependence of alloying elements 

on the thermodynamic properties such as magnetism is important to describe the effect on curie 

temperature and in turn depends upon the Gibbs energy of formation. Optimization of 

interaction parameters in ternary systems will increase the predicting ability of the model by 

enhancing the degree of accuracy of Gibbs energy of mixing in iron rich region and interaction 

between the two alloying elements. K. Ishida et al [65] calculated the critical driving force for 

the fcc to bcc transformation in Fe-Ni-X ternary system with X = (Al, Co, Cu, Cr, Mo, Mn, 

Nb, Si, V and W) and reported the Ms temperatures of these alloy system at 18at% and 30at% 

fixed nickel content and varying X content using dilatometry technique cooling at the rate of 

10-20°C/min. R. G. B. Yeo [46] studied the effect of alloying elements on Fe-Ni-X system with 

X = (Co, Ti, Nb, V, Si, Al, Mo, Cr) with nickel content fixed at 22.5wt.%. He has reported the 

Ms temperatures with varying X content using dilatometry which were measured during air 

cooling. The reported Ms temperature in both cases tends to decrease with increasing alloying 

content except for Al and Co. These Ms values are used for the optimization of binary and 

ternary interaction parameters wherever required. 
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2.2.4.1 Fe-Ni-C ternary system 

T. Maki et al [38] investigated the transformation temperature and growth behavior of 

thin plate martensite in Fe-Ni-C system with nickel content varying from 25wt% to 35wt% and 

the carbon content varying from 0.25wt% at 0.9wt%. The reported Ms temperature are clearly 

classified into lath and plate martensite and thus are used for optimization of ternary interaction 

parameter in Fe-Ni-C system. Mirzayev et al [39] reported the experimental Ms in Fe-Ni-C 

system with nickel content varying from 15.4wt% to 29.0wt% at carbon contents of 0.009 and 

0.2wt% with cooling rates of 1°C/sec. The morphologies are reported as lath at low nickel 

content and plate at higher nickel content. And it is also concluded that the transition 

temperature between morphologies increases with increase in carbon content. 

2.2.4.2 Fe-Ni-Co ternary system 

Davies and Magee [3] investigated the transformation temperature and the morphology 

in Fe-Ni-Co ternary system using dilatometry with nickel content varying from 20wt% to 

30wt% at fixed cobalt content of 10wt% and 30wt% with 0.25wt% Ti which was added to 

remove residual carbon. They also investigated the morphologies at each of these compositions 

which gives a clear understanding of the transformation temperature and corresponding 

mechanism as the function of alloying elements. A. Shibata [43] has also investigated the 

relationship between morphology and volume changes in Fe-Ni-Co invar alloys with varying 

nickel and cobalt content. They have reported the Ms temperature and corresponding 

morphologies for each of these compositions. The transformation temperatures are measured 

using a sensitive dilatometer due to the low thermal expansion co-efficiencies of invar alloys.  

2.2.4.3 Fe-Ni-Ti ternary system 

 Pascover et al [73] studied the transformation and structure of Fe-Ni-Ti alloys and 

reported the Ms temperature for alloys containing 27wt% Ni and 29.5wt% Ni with titanium 

varying from 0 to 10wt%. The samples are solution treated at 1015°C and quenched in water 

or liquid nitrogen to notice the transformation below room temperature. The optimization is 

optional since the experimental data is not satisfactory due to the thermal arrest of surface 

transformation and no transformation in many alloys in the observed composition range.   

2.2.5 Fe-Mn-X ternary system for fcc(γ) to hcp(ϵ) transformation 

Due to the technological importance of shape memory alloys, high Mn TRIP and TWIP 

steels, extensive research had been carried out in Fe-Mn-X ternary systems for fcc to hcp solid 

state transformation. K. Ishida et al [52] investigated the effect of alloying elements on the 
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transformation in Epsilon iron. They had reported the experimental Ms temperature for fcc to 

hcp transformation in Fe-Mn-X ternary system with X = (Al, C, Co, Ti, Cr, Cu, Mo, V, Nb, Ni, 

Si and W) at fixed content of 17at% Mn. The carbon and nitrogen content in the samples are 

less than 0.01% and are cooled to -196°C to measure the transformation temperature using 

dilatometry. The Ms points shows decreasing trend with increasing alloying content except for 

Co and Si.  

2.2.5.1 Fe-Mn-Si ternary system 

 Manganese and silicon are most important alloying elements for fcc to hcp 

transformation in steels. The shape memory effect in Fe-Mn-Si alloys is attractive for the 

replacement of Ni-Ti based shape memory alloys. Several researches had reported the 

experimental Ms points in Fe-Mn-Si system with silicon content ranging from 0 to 6wt% and 

manganese content ranging from 12 to 35wt%.  

 

 

Fig 2.3 The experimental Ms temperature as the function of prior austenite grain size. 

2.3 Experimental Data: Effect of alloying on pAGS 

The possibility to achieve high toughness and high fatigue strength with fine grained 

austenitic martensitic dual phase steels have motivated to the development of relationship 

between prior austenite grain size(pAGS) and martensite start temperature, Ms in commercial 

steels. The task is to collect the previous experimental Ms data points as a function of grain 

size in iron alloys and establish a relationship as the non-chemical contribution which lowers 

the transformation temperature with decrease in austenite grain size. The change in Martensite 
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start temperature as a function of austenite grain size from different source is collected and 

summarized in the figure 2.3. 

M. Umemoto et al [66] have studied the effect of austenite grain size on Ms temperature 

in Fe-Ni and Fe-Ni-C alloys. They have controlled the austenizing temperature and time to 

achieve the austenite grain size in the range of 5-75µm in Fe-31Ni system and 18-400µm in 

Fe-31Ni-C system. The rate of decrease in Ms temperature increases with decrease in grain 

size. Hang and Bhadeshia [68] investigated the effect of grain size on Ms in Fe-0.13C-2.27Mn-

5Ni low carbon steel and reported the Ms values. They have also developed a thermodynamic 

model to describe the relationship between Ms and austenite volume with a fitting parameter 

based on experimental information. A. Garcia-Junceda [69] have modelled an artificial neural 

network to predict the Ms temperature as function of austenite grain size and the transition 

between lath and plate martensite on refinement.  
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3. CRITICAL ASSESSMENT AND OPTIMIZATION 

3.1 Fe-Ni binary system 

Nickel is one of the most technologically important alloying element in steels, alloy 

steels exhibit excellent hardenability, greater impact strength and fatigue resistance compared 

to carbon steels. Nickel lowers the Ms temperature of iron by about 17deg/wt.% and the trend 

changes rapidly once it reaches the Néel temperature. Due to magnetic contribution below Néel 

temperature, the Ms drops steeply and the transition of lath to plate martensite is adjusted at 

around 28at% nickel. The figure 3.1 represents the variation of calculated Ms temperature after 

optimization as the function of nickel content. The lath martensite curve (solid blue) is 

optimized using first and second order interaction parameter such that the calculated Ms is in 

good agreement with the experimental data points throughout the composition range. The red 

points in the figure represents the lath points which are metallographically verified and are 

more reliable than the black points which are not metallographically analyzed. 

 

 

Fig 3.1 Variation of calculated Ms temperature of γ → α martensitic transformation with Ni content in 

Fe-Ni binary system with experimental data. 

 

The plate martensite curve (solid red) is again optimized using first and second order 

interaction parameters to fit the blue points which are metallographically verified and the black 

points at compositions above 28at% are assumed to be plate martensite. The transition between 

lath and plate martensite is a real gamble due to the insufficient experimental information and 
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no metallographic analysis. The transition is wisely adjusted after series of batch calculations 

with transition at different composition.  

 

3.2 Fe-C Binary system 

 Carbon is the most important and inevitable alloying element in steels which 

significantly influence the transformation temperature by about 300°C/wt.%. Carbon increases 

the mechanical stability of parent austenite phase by dissolution in the γ-parent phase which 

increases the chemical barrier for the diffusionless fcc to bcc transformation. The lath 

martensite curve (solid red) is optimized using first and second order interaction parameters to 

fit the experimental datapoints as shown in figure 3.2. Mirzayev et al [34] had conducted rapid 

cooling experiments to find the relation between transformation temperature and cooling rates 

such that two different Ms curves are found at different cooling rates. The curves are optimized 

to best fit at carbon contents which are of commercial importance preferably at low carbon 

content.  

    
Fig 3.2 Variation of calculated Ms temperature of γ → α martensitic transformation with C content in 

Fe-C binary system with experimental data [6, 33-36]. [*] represents no access to original reference 

 

 The plate martensite (solid blue) is again optimized using first and second order 

interaction parameter to fit the experimental data points. The transition of lath and plate is well 

established and are well supported by available experimental data. The earlier optimization by 

A. Stormvinter [1] is reviewed and reoptimized as per TCFE9 database. 
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3.3 Fe-Cr Binary system 

 The effect of chromium on lowering the Ms temperature of iron is about 20°C/wt.% 

and the trend is continuously decreasing without any steep drop. The lath and plate martensite 

never intersects each other in the composition range over 12at% and are well supported by 

available experimental data. The lath and plate are both optimized using first order interaction 

parameter as the function of composition per TCFE9 database. In fig 3.3, the solid blue line 

represents calculated lath curve and solid red line represents calculated plate curve with rapid 

cooled experimental data. The solid green line which represents T0 temperature which initially 

decreases and again increases with increasing Cr content.    

 
          

 

 

 

3.4 Fe-Mn binary system 

 Manganese is also an important alloying element to increase the hardenability and 

tensile strength in steels. Manganese when alloying with controlled sulphur content helps in 

machining and welding by forming manganese sulphide (MnS). Manganese transforms 

austenite into alpha martensite during rapid cooling until 12at% after which it transforms 

austenite into epsilon martensite due to twinning. Fig 3.4 represents the variation of calculated 

Ms temperature of γ → α martensitic transformation with Mn content in Fe-Mn binary system 

with experimental data. Due to the consistent decreasing trend of Ms temperature with 

increasing manganese content, the lath and plate Ms curves are optimized using first order 

parameters to fit the experimental data. The transition from lath to plate is decided by the 

extrapolation of lath curves across higher manganese content and experimental data are 

insufficient to prove the underlying lath mechanism.   

Fig 3.3 Variation of calculated Ms 

temperature of γ → α martensitic transformation with 

Cr content in Fe-Cr binary system with experimental 

data [39-41]. 

Fig 3.4 Variation of calculated Ms 

temperature of γ → α martensitic transformation with 

Mn content in Fe-Mn binary system with 

experimental data [42] 
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3.5 Fe-Cu binary system 

 Copper is an excellent alloying element in steels to obtain an optimal balance between 

ductility and strength properties. Strengthening of steel by grain refinement is favoured by 

copper and its precipitates. Copper lowers the Ms temperature in steels by about 10deg/wt.% 

of alloying. The decreasing trend on addition of copper is optimized by a single first order 

interaction parameter to fit the consistent experimental data. The lath and plate martensite 

curves wont intersect until 10at% copper and the fit is satisfactory in the commercially 

important composition range.  Figure 3.5 represents the variation of calculated Ms temperature 

for copper content in Fe-Cu binary system. The T0 temperature has a continuous decreasing 

slope and there is no sign of intersection with the Néel temperature.   

 
 

 

 

 

3.6 Fe-Co binary system 

Cobalt is a unique alloying element in steels due to its superior properties at high 

temperatures. It is a magnetic element which raise the A3 temperature and the martensite 

tempering temperature in steels. Cobalt is the only element which raises the martensite 

transformation temperature in steels at about +30deg/wt.% of alloying. The calculated Ms 

temperature are optimized using first and second order interaction parameter to fit the 

experimental data from Mirzayev et al [62] such that it increases up to 30at% cobalt and 

gradually decreases thereafter. Figure 3.6 represents the calculated Ms temperature with cobalt 

content in Fe-Co binary system. The T0 temperature has an increasing trend with much lesser 

slope than the Ms curves. Th lath and plate martensite curves never intersect over the whole 

composition range of martensitic transformation. 

Fig 3.5 Variation of calculated Ms 

temperature of γ → α martensitic transformation with 

Cu content in Fe-Cu binary system with experimental 

data [62-63]. 

Fig 3.6 Variation of calculated Ms 

temperature of γ → α martensitic transformation 

with Co content in Fe-Co binary system with 

experimental data [62] 
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3.7 Fe-N binary system 

Nitrogen is an interstitial element which significantly lowers the Ms temperature in 

steels about 250deg/wt.%. The optimization of interaction parameters in Fe-N binary system is 

based on some healthy assumption about the transition of lath and plat martensite. Considering 

the commercial usage of alloying nitrogen, the lath martensite is optimized using first and 

second order interaction parameter and plate martensite using just first order parameters as  

shown in figure 3.7. 

 

 
Fig 3.7 Variation of calculated Ms temperature of γ → α martensitic transformation with N content in 

Fe-N binary system with experimental data [64] 

 

3.8 Fe-Mn binary system for fcc to hcp transformation 

The transitional nature of epsilon martensite from fcc austenite parent phase is 

somewhat unique to Fe-Mn binary system with over 12at% Mn. Even though the similar nature 

is found in some other systems [73] such as Fe-Ni-Cr, its specific to specific composition. Here, 

the Fe-Mn binary and some Fe-Mn-X ternary systems are assessed in the composition range 

which transforms austenite to epsilon martensite. The 𝑀𝑠
𝜖 experimental data in Fe-Mn binary 

system for γ→ϵ transformation is extrapolated to pure iron to fix an arbitrary 𝑀𝑠
𝜖 temperature 

for pure iron using a constant epsilon parameters, ΔGm(Epsilon)
∗γ→ϵ

 which is equal to the critical 

driving force for the formation of epsilon martensite in pure iron. The calculated 𝑀𝑠
𝜖 curve in 

the Fe-Mn binary system is optimized for the available experimental data using first and second 

order interaction parameter.  
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Fig 3.8 Variation of calculated Ms temperature of γ → ϵ martensitic transformation with Mn content in 

Fe-Mn binary system with experimental data [52-61] 

 

 The experimental data in Fe-Mn is scattered and the optimization is based on the 

extrapolated data-points from Fe-Mn-X and series of batch calculation using multi-component 

alloys. The blue solid curve in the figure 3.8 represents the calculated 𝑀𝑠
𝜖 temperature as the 

function of Mn content, the curve has a constant decreasing trend from 12at% to 24at% and 

decreases rapidly after reaching the Neel temperature at around 24.5at% manganese. The 

TCFE9 database has been modified by improving the thermodynamic description of HCP phase 

in Fe-Mn system to move the T0 curve towards higher manganese content to get positive 

driving force for transformation. 

3.9 Fe-Ni-X Ternary system 

The reliability of the model can be improved not alone by optimizing the binary 

systems, rather ternary systems should be optimized for the available experimental data to 

include the combined effect of alloying elements on the Gibbs energy of mixing. The iron rich 

extremes in the ternary systems have different effects with different alloying elements and 

between the alloying elements. Optimization of ternary systems will enhance the accuracy the 

predicting ability of the model by large extent. Fe-Ni-X ternary system at 18% nickel has been 

optimized for lath martensite with X = Co, Al, Mo, Nb, Ti, Cu, Si, W and V using binary and/or 

ternary interaction parameters. In some cases, Fe-X binary parameters are used based on the 

Fe-Ni-X ternary system and Fe-Ni-X ternary parameters for other systems with combined 

effects of both substitutional elements, See figure 3.9. Ternary parameters are used in systems 

such as Fe-Ni-Co and Fe-Ni-Cr, binary parameters in sys tems such as Fe-Ni-Mo, Fe-Ni-Si, 



29 

 

Fe-Ni-W and Fe-Ni-V. The Ms curves in systems such as Fe-Ni-Ti, Fe-Ni-Nb and Fe-Ni-Cu 

are in good agreement with experimental data without any fitting parameters. See Appendix 1 

for the values of the interaction parameters. 

 

 

 
Fig 3.9 Variation of calculated Ms temperature of γ → α martensitic transformation with X content in 

Fe-Ni-X ternary system with experimental data [65]. Ni = 18at% and X = Co, Al, Mo, Nb, Ti, Cu, Si, W and V 

 

3.10 Fe-Mn-X Ternary system 

 Since not too many binary systems possess epsilon transitional nature, the predictability 

of epsilon martensite start temperature model can be improved by optimizing the ternary 

systems with available experimental data in Fe-Mn-X systems.  The ternary systems with 

17at% Mn and X = C, Cr, Ni, Co, Al, Mo, Nb, Ti, Cu, Si, W and V using binary and/or ternary 

parameter like Fe-Ni-X systems. The thermodynamic description in Fe-Mn-Co is quite off due 

to the poor description of HCP phase, the reported experimental data points lies over T0 

temperature i.e., negative driving force for the transformation. Except silicon, in all other 

systems the Ms
ϵ curves have decreasing slope with good agreement with the experimental data. 

The Fe-Mn-Si ternary system have been extensively studied due to its shape memory effect but 

the composition range of transformation in this optimization is limited due to poor description 

of HCP phase which causes negative driving force in the composition over 28at% Mn and 4at% 
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Si. In TCFE9 database, the fcc and hcp solution phases are optimized based on W. Zheng et al 

[74] but the T0 temperature for higher composition in Fe-Mn-Si system is lower than the 

reported 𝑀𝑠
𝜖 temperatures. Figure 3.10 represents the calculated 𝑀𝑠

𝜖 temperature for varying X 

content in Fe-17at%Mn-X ternary system with experimental data.  

  

   

  

   
Fig 3.10 Variation of calculated Ms temperature of γ → ϵ martensitic transformation with X content in 

Fe-Mn-X ternary system with experimental data [52]. Mn = 17at% and X = C, Cr, Ni, Co, Al, Mo, Nb, Ti, Cu, Si, 

W and V 
 
3.11 Effect of grain size on Ms 

The effect of grain size on martensite start temperature is correlated by first calculating 

the critical driving force required for γ→α and γ→ϵ transformations at every single reported 

Ms temperatures [66-71] as the function of austenite grain size and subtracting it from the critical 
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driving force required for the transformation for a coarser grain size above which there is no 

effect on Ms i.e. 100µm in the same system.  

𝜟𝑮𝒑𝑨𝑮𝑺
𝜸→𝜶/𝝐

= 𝜟𝑮
𝒑𝑨𝑮𝑺´
𝜸→𝜶/𝝐

−  𝜟𝑮
𝒑𝑨𝑮𝑺´´
𝜸→𝜶/𝝐

  Eq 3.11a 

𝜟𝑮
𝒑𝑨𝑮𝑺´´
𝜸→𝜶/𝝐

= critical driving force for transformation with grain size above 100µm or 

chemical contribution of Gibbs energy which is composition dependence 

𝜟𝑮
𝒑𝑨𝑮𝑺´
𝜸→𝜶/𝝐

= critical driving force for transformation with grain size below 100µm or 

non-chemical contribution of Gibbs energy 

 
Fig 3.11 Variation of calculated non-chemical Gibbs energy contribution for martensitic 

transformation as the function of prior austenite grain size.  
 

 Figure 3.11 represents the calculated ΔG(pAGS) for martensitic transformation as the 

function of grain size. The lath, plate and epsilon martensite curves are distinguished separately 

from all the available experimental systems. A non-linear relationship is developed using an 

expression for each mechanism which is not based on any physical phenomena, as shown in 

figure 3.12 (a, b).  

For lath martensite: 

  

For plate martensite: 
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                            a. Lath Martensite    b. Plate Martensite 

Fig 3.12 The solid curves represent the calculated ΔG(pAGS) for lath and plate martensite as the function of 

austenite grain size. a) Lath Martensite, blue line represents logarithm and exponential term in the expression, 

green line represents only the logarithm term in the expression b) Plate Martensite 
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4. RESULTS AND DISCUSSION

4.1 Results 

The reliability of the model is finally validated by running a batch calculation consisting 

of 1700 datasets using the currently unreleased MsOptModel in Thermo-Calc software AB 

development module where the model calculates the Ms temperature for each alloy and 

compares it with the experimental value giving the difference. The results from the calculation 

can be plotted as experimental Ms against calculated Ms and are can also calculate the root 

mean square for that batch. The composition range, average composition and standard 

deviation of each elements in the systems used for validation is shown in Table 4.1. 

Table 4.1: composition range of the total dataset of 1719 alloys with average composition and standard 

deviation. 

Alloying elements Range (wt.%) Average SD 

Carbon 0-2.25 0.2920 0.2712 

Manganese 0-35.9 4.8693 8.7988 

Silicon 0-7.12 0.6733 1.3369 

Chromium 0-17.98 1.048 2.2227 

Nickel 0-31.5 2.5304 6.4202 

Molybdenum 0-8.0 0.2407 0.5185 

Vanadium 0-4.55 0.0605 0.2429 

Cobalt 0-30.0 0.1970 1.4510 

Aluminum 0-5.0 0.0472 0.3669 

Tungsten 0-18.59 0.1347 1.0938 

Copper 0-3.08 0.0438 0.1911 

Niobium 0-1.98 0.0075 0.0984 

Titanium 0-2.52 0.0114 0.1360 

Boron 0-0.006 0.0001 0.0002 

Nitrogen 0-2.65 0.0168 0.1504 

Phosphorous 0-0.044 0.0032 0.0079 

Sulfur 0-0.054 0.0026 0.0067 
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The results are compared with the batch calculations from TCFE8 database with old 

parameters.  Figure 4.1 shows the results from batch calculation of full range of datasets i.e. 

alpha and epsilon martensite using TCFE6 (a) and TCFE9 (b). The results from breakdown of 

different martensite i.e. alpha (a) and epsilon (b) is shown in figure 4.2. The present Ms model 

has the accuracy of 35.37 RMS which is better than the previous model using old parameters 

and TCFE8 database (see Table 4.2). The previous model was optimized for low alloyed steels 

with lower composition ranges and had been validated with less datasets. The improved 

accuracy of the model is due to the better thermodynamic descriptions and more optimizations 

in binary and ternary systems. There are few alloys with large variations which are due to the 

specific alloying elements such as molybdenum, vanadium and high cobalt content.  

Fig 4.1 The comparison of calculated Ms against the experimental Ms. See appendix for the 

experimental dataset with references. a) TCFE6 with old parameters b) TCFE9 with new parameters

Fig 4.2 Breakdown of the comparison of calculated Ms against the experimental Ms in alpha 

and epsilon martensite. a) alpha martensite - fcc to bcc transformation b) Epsilon martensite - fcc to 

hcp transformation 
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Table 4.2 showing the summary of batch calculations for alpha and epsilon martensite; 

RMS – Root Mean Square, NaN – Not an Number 

Total alloy dataset RMS NaN 

Alpha Martensite 1391 36.74 10 

Epsilon Martensite 329 35.58 69 

Most of the alloys in alpha martensite without a solution are high nitrogen Fe-N alloys 

and low alloyed multicomponent steels with more than 15 elements. In epsilon martensite, the 

alloys without solution comprise of Fe-Mn-Si ternary, Fe-Mn-Si-X, Fe-Mn-Al-C quaternary 

systems and above.  The thermodynamic description of hcp phase and magnetic contributions 

should be improved in these systems to improve the accuracy of Ms temperature and 

inclusiveness of the multicomponent alloys.  

4.2 Scientific, social and ethical aspects 

The scientific aspects of the project were justified by the validation of calculated results 

against thousands of experimental results from different authentic sources. The outcome from 

this project has a high external validity due to this authenticity and validation of results. The 

computational approach to material science has a positive social impact on the environment by 

the reduction of number of laboratory experiments which involves use of chemicals and toxic 

products. And finally, the ethical aspects of the project are upheld by providing proper credits 

to the cited authentic references and all these references are obtained by proper means without 

any violation of scientific research values. The project report is diagnosed by a superior 

plagiarism tool to ensure the quality and ownership of the content. Except few basic research 

aspects as mentioned below, there are no such social and ethical aspects relevant/concern to 

this study.  
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5. FUTURE WORKS

The thermodynamic description of phases using different models such as regular 

solution model and/or compound energy formalism relies on the different kinds of experimental 

data and approximations. Even though the goal is to describe the whole of Gibbs energy by 

physical models, most of them are semi-empirical models using mathematical expressions to 

fit the experimental data. The Ms model retrieves the Gibbs energies from the thermodynamic 

databases for the prediction of start temperatures and the optimization of binary and ternary 

systems completely depends upon the Gibbs energy of solution phases.   

Following are the systems where the thermodynamic descriptions should be improved 

such that the T0 temperature is higher than the reported Ms temperatures.  

• Fe-Ni-C for fcc to hcp transformation

• Fe-Mn-Co for fcc to hcp transformation

• Fe-Mn-Si for fcc to hcp transformation

• Fe-Mn-Si-X for fcc to hcp transformation, X = Al, Cr, Ni
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