
 

 

Study of Equilibrium State in Fe-Mn-Al-C Alloys 

 

 

 

Master’s Degree Project 

 

 

by 

Navid Kangouei 

 

 

Department of Materials Science and Engineering 

KTH Royal Institute of Technology, SE-100 44 Stockholm, Sweden  

 2014 

 

  



2 
 

Acknowledgement 

I have to express my gratitude to my supervisors, Ms. Bonnie Lindahl and Prof. Malin Selleby for 

their support and guidance. This project was an opportunity to increase my knowledge in 

simulation, phase diagram determination methods and acquire new skill sets for the future which 

without their help was not possible. Next I have to thank my Family who have always supported 

and encouraged me; I couldn’t get this far in any part of my life without their kindness. And last 

but not least I have to thank my friends, who were always there for me.   

  



3 
 

Abstract 

We are living in a world of steel. Although there are a lot of other material in use, our most used 

material is steel. From building industry to transportation and even mother industries like mining, 

we use steel in different grades and amounts. There is always need for different grades of steel, 

and there is always interest in better properties and lower costs. Fe-Mn-Al-C steel group is one of 

the grades of steel is from the TWIP family. Beside its interesting mechanical properties, its 

corrosion resistance and cryogenic properties makes it very desirable to substitute more 

expensive current classes of the steel used in the industry. The automobile industry is also 

looking forward to implement this family of the steel in their products. This group of steel based 

on their chemical content can created a carbide ordered phase called κ which is one of the reasons 

of its interesting mechanical properties beside the TWIP properties. While κ may give more 

hardness due to precipitation hardening, it will make the steel brittle. Thus we need an 

understanding of the phase diagram of this group of the steels in order to choose our material and 

process accordingly. Phase diagrams are material engineers’ road maps for the processes and 

material choice as the initial steps, since we can predict the processes results and stable phases 

based on the equilibrium state from the diagrams. As the number of components gets more than 

three the phase diagram calculations and determination gets harder. For the ternary alloying 

systems we can only show sections of the phase diagrams as isothermal sections, or consider an 

element constant and depict the diagram as a “binary” system for the other two alloying elements 

at the other element concentration. In this work, we tried to experiment on the experimental data 

for equilibrium phases of Fe-Mn-Al-C alloying system based on the Equilibrated Alloys for 

alloys containing 20, 30 and 40 weight percent Manganese. The results were compared to the 

current database of the Thermo-Calc software for this family and we found some inconsistencies 

between the experimental data and the calculations which shows that the calculated results for 

this alloying system with its high Mn-content, is not reliable and that the thermodynamic 

descriptions must be adjusted. 
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1 Introduction 
In the history of mankind there is a certain place for steel. From the first discovery of the simplest 

steel to modern special grades of steel, we as a race depend on steel on a daily basis. As the 

industries grow, and different type of products is produced for different application, different 

steel grades are needed. The family of steels called TWIP (Twinning Induced Plasticity) is one of 

interesting steel grades. Due to the manganese in their content they tend to have a good 

combination of Ultimate Tensile Strength and Ductility. This is promising for a vast group of 

applications. Also the alloys in this family (Fe-Mn-Al-C) have a good corrosion and oxidation 

resistance due to the alumina layer formed because of aluminum in the system. There has been an 

extensive research to improve the quality of this family of steels so that it can be more of actual 

use in industry. While promising, there have been very few attempts to understand the 

equilibrium states at different temperatures [1][2]. 

Other researchers have mainly focused on how to improve the mechanical properties, through 

different heat-treatment practices. The main idea is based on the κ carbide precipitates and how 

different methodologies will affects its morphology to reach the desired properties. Such 

approaches will be briefly discussed in the rest of the review. But one should know that the more 

knowledge we have about a system, especially on phase equilibrium and the phase proportions; 

the better one can modify the production and treatment processes to obtain the desired properties. 

The main goal of this review is to collect some experimental data in order to have a basic 

understanding of the system for some equilibrated alloy phase diagram determination 

experiments; which may be used to assess a thermodynamic description  to be used with e.g. the 

Thermo-Calc software. This will allow users to carry out thermodynamic calculations for better 

process design and deeper understanding of the outcome of their chosen process. 

The main data that the writer has extracted from the literatures are the different heat treatment 

temperatures and holding times. Some of the data were also for the sake of determination of 

phases in the follow up inspection of the heat-treated samples. This will be discussed further in 

upcoming parts of this review. 
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While the alloying system has received a lot of attention in different aspects of metallurgy 

science and applications such as cryogenic application( due to manganese content which 

stabilizes FCC phase) [3], what really interest the author of the report is the study of the κ phase 

and its formation thermodynamics compared to other aspects of the interest for the system. Other 

aspects of interest are corrosion resistance, oxidation resistance, and high temperature mechanical 

properties. Each of these subjects was studied more than the phase equilibrium itself, so a brief 

mention of the works done in these fields will suffice. 

This project studies 5 samples for their ability of forming κ phase and also comparing the 

experimental results with the equilibrium calculations in order to be a baseline for database 

optimization of this particular case in future. 

2 Theory 
In this part the theory behind this project is described, the CALPHAD approach, our guidelines 

for doing the experiments, and techniques that were used. Each part will be described in detail in 

next chapters. 

2.1 CALPHAD approach 

This work is based on the CALPHAD approach to determine the phase diagram for the alloying 

system of Fe-Mn-Al-C for future studies and researches. There are several different methods for 

determining a phase diagram for a system. The approach that we choose here is called 

Equilibrated Alloys[4]. In this approach we heat treat our samples at the desired temperature and 

then quench them and investigate the stable phase. This method relies on the fact that the rapid 

cooling due to the quenching will prevent the phases stable at higher temperature to change at the 

room temperature.  

This is done for each desired temperature and different composition in order to have an 

understanding of stable phases at each point. Then these points can be used to describe the 

quaternary phase diagram of the system. One should notice that this type of phase diagram is 

fairly complicated since we cannot depict them like unary, binary or ternary diagrams, and they 

are usually studied by considering one or more element constant so one can study the effect of 

other elements and temperature. 
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Phase diagrams are important since they are like roadmaps for further treatments, process 

selection, and material selection. But one should notice that the phase diagrams are at equilibrium 

state and they are just guidelines since in practical situations the equilibrium state is not reached. 

Kinetics of a reaction is also important when considering a process for a material. 

2.2 Guidelines 

There are many ways to perform isothermal heat treatments. In our method we used the silica 

capsules in order to prevent the atmospheric gases to interact with our samples. After the 

treatment, samples were hot mounted, grinded and polished, and finally investigated by the SEM. 

Since there was already a thermodynamic database available for this group of alloys and our main 

goal was to verify and correct this database, we also perform equilibrium calculations in order to 

have a comparison between the experimental data and the calculations.  

There are different ways for determining the phases that are stable and different factors 

concerning them such as mole fraction of each phase, or mass fraction. For each of these one can 

use different measuring methods. Such methods are XRD (X-ray Diffraction), TEM 

(Transmission Electron Microscopy) and other phase determination methods. In this project we 

used SEM (Scanning Electron Microscopy) and EDS (Energy-dispersive X-ray spectroscopy) for 

the phase determination, since we wanted to have a knowledge of element content in each phase 

rather than quantifying how much of each phase was formed at the experiments. The result of this 

investigation is a surface Image acquired by SEM and element distribution by EDS. One should 

keep in mind that EDS does not give accurate measurement of carbon content, and for measuring 

carbon one need to use WDS (Wavelength-Dispersive X-Ray Spectroscopy). In this work we 

normalized the results of the calculations by omitting the carbon content in our comparison.  

3 Literature Review 

In this part we will have a brief review of works done in this area. This part is divided into two 

sections, early works and recent works. Early works concerned with the earliest research about 

the system and how they looked upon it.  

The recent works are more concerned with the research which was performed in the past two 

decades. 
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3.1 Early Works 

1982, Inoue et al. [5] studied the system through the spinning solidification, but the main idea of 

their work was to study the mechanical properties and also producing metastable γ’ phase which 

leads to a better ductility compared to normally cooled samples. 

In 1986 a paper by Altstetter et al. [6] was published that studied  the potential of producing the 

alloy, and its corrosion and mechanical properties. They also consider the effect of different 

alloying elements on the properties and structure of the material. The data about the effects of the 

alloying elements on the system is presented below in Table 1. 

TABLE 1.EFFECT OF DIFFERENT ELEMENTS[6] 

Element Pros Cons 

Al 
Forming Protective layer of 

Alumina 

Forming FeAl and Fe3Al 

which will lower the ductility 

C Stabilizes Austenite 

Carbides may form at 

temperature higher than 

500 °C 

Mn Stabilizes Austenite 

The high Mn content will 

result in formation of β-Mn 

that lowers ductility 

Si 
Improves formation of  

Alumina layer 

Hinders the continuity of the 

Alumina Layer 

Ni Stabilizes Austenite 

Expensive, and lowers the 

uniformity of the protective 

layer. 

 

One should notice that many of the early approaches were to just find a substitute for the 

conventional alloys with lower price and better quality. As can be seen in Table 1, one of the 

problems of Ni based stainless steels is the price of nickel. The other aspects of the system that 

was investigated by Altstetteret al. also include mechanical properties and phase ratios for 

different compositions. The phase ratios presented in their work are not so useful for to the 

present work because most of the alloys used contain additional elements compared to the system 

of interest here.  

1987, three papers were published by Taiwanese researchers about the fatigue behavior, cyclic 

softening of Fe-Mn-Al-C alloys [7][8][9]. In these papers the ability of age hardening of the 
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alloying system was discussed and also the negative effect of β-Mn formation during the process 

[9].  

Sato et al. [10] in their paper which was published 1988 discuss the age hardening mechanism of 

the alloying system. The aim of their study was to prove that the spinodal decomposition was the 

main reason behind the age hardening process of the Fe-Mn-Al-C alloys. In their work they first 

solutionized the samples at 1273 K (1000 °C) for one hour and then performed the ageing in a 

salt bath at 823 K (600 °C) [10]. After this they searched for the signs of the spinodal 

decomposition in the samples undergone ageing. The tests they used are composed of a hysteresis 

loop, bright field image of a 30 min aged sample along of its electron diffraction pattern; which 

the presence of satellites is a proof of the existence of fluctuations in composition which may be 

the results of the spinodal decomposition. Figure 1.TEM micrograph and SAD diffraction depicts 

these findings.  

 

Figure 1.TEM micrograph and SAD diffraction 

Patterns for the alloy aged at 823 K for 30 min. [10] 

Another support for the spinodal decomposition was the presence of the sidebands in the XRD 

results which also implies that the spacing of the sidebands decreases while their intensity is 

increased by increasing the ageing time. Figure 2 is showing these results. 
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One of the most important research studies done on this topic was done by Ishida et al. [2]. in 

1990. This is the first paper that explores the phase diagram and equilibrium of phases in the 

alloying system. In their work they studied the phase equilibrium at different contents of 

manganese (20-30 wt.%) and Al (0-10 wt.%) in the system. One of the main reason they perform 

this research was to clarify the formation of γ’ or κ phase in the system [2]. They carried out their 

experiments in temperatures between 900 and 1200 °C.  

 

Figure 2.X-ray sideband profiles around the (200) reflection of the aged alloy for various times. [10] 

The results of the experiments were described in the phase diagrams below for different 

compositions. Another result of Ishida et al. experiments was that there was no sign of    phase 

with the structure of L12 in the bulk sample. After the isothermal heat-treatment at different 

temperatures and times, a quenching was performed in order to prevent any changes in the phases 

and microstructures. The samples were further studied by the help of Electron Probe Micro-

Analyzer (EPMA) and Transmission Electron Microscopy (TEM). These results are presented in 

the following figures. 
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Figure 3.Microstructure of Fe-30Mn-12Al-1.9C annealed at 1000 °C, showing lamellar structure of γ 

and κ [2] 

 

In Figure 3the microstructure of a Fe-30Mn-12Al-1.9C is provided. The sample was heat-treated 

at 1000 °C for 98 hours and shows the lamella structure of γ and κ phases. As can be seen the 

structure shows a Widmanstätten pattern. The image is made by Optical Microscopy.  

 

Figure 4.Figure 4.Isothermal Sections for Fe-20Mn-Al-C alloys[2] 

As can be seen in Error! Reference source not found. and Figure 5 they managed to plot 

isothermal sections of phase diagrams of the system which beside the temperature also have the 
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Mn content as constant in each set, so one can plot phase diagrams based on the carbon and 

aluminum content since the iron content is depending on the other values. Based on these 

diagrams one can chose the conditions to get the proper microstructure needed. Another reason 

for this simplification of the isothermal sections is that the equilibrium manganese content in the 

κ phases is almost constant. Figure 6 shows the phase diagram at constant 9 wt.% Al and constant 

manganese content for different temperatures. One can see that the higher the manganese content, 

the lower the stability of α phase in different temperatures. This can be a good road map for 

production or treatments of the products to get the desired final properties.  

 

Figure 5.Isotherm Sections for Fe-30Mn-Al-C alloys[2] 
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Figure 6. Phase Diagram for 9% Al and variable Carbon Content [2] 

3.2 Recent Works 

The trend of studying microstructure for better mechanical properties continues to some point in 

this period of time also.  

At 1994 Han [11] published a paper about the formation of κ phase by the decomposition of γ 

phase at lower temperature annealing due to diffusion involving the lower mobile substitutional 

atoms instead of interstitial atoms. His study is also based on the spinodal decomposition of γ 

phase.  

1999, Li et al. [12] were working on the effects of Mn and Al on the solvus of κ phase in an 

austenitic steel of this family. They conclude that there are two different types of κ phase present 

in the material, intra-granular and inter-granular. They discuss that the two types of κ phases are 

conditioned as below: 

TABLE 2.THE DIFFERENT CONDITION TO FORM DIFFERENT TYPES OF Κ PHASE 

condition for formation of intra-granular κ 

phase 

condition for formation of inter-granular κ 

phase 

isothermal aging at 923 K (750 °C ) 
Al content more than 5.5 wt.% 

 

Al more than 6.2 wt.% C more than 0.7 wt.% 

C about 1 wt.%  
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They also report that high amount of manganese hinders the formation of κ phase while 

aluminum encourages the formation of κ by increasing the solvus temperature. They propose that 

the solvus temperature follows this equation: 

  ( )         (       )   (       )      EQUATION 1[12] 

In 2002, Kimura et al. [13] suggested that controlling the lattice misfit to keep it small between 

the γ/κ will prevent the thermal coarsening.  

Ishi et al. [14] in 2003 published a paper about the ageing time and temperature and the lamellar 

distance in the Fe-Mn-Al-C system.  

In 2007, a paper published by Riguad et al. discussed the iron rich corner of the system. They 

studied the system below: 

TABLE 3. COMPOSITION OF THE STUDIED ALLOYS[1] 

Name Fe (wt.%) Al (wt.%)  Mn (wt.%) C (wt.%) 

Low Mn Balance 9-10 1.7 0.2 

High Mn Balance 9-10 8 0.2 

 

They also discuss that the solubility of carbon is lowered in Fe-Al solutions by lowering the 

temperature and thus one cannot get a pure κ phase from the melt. They also discuss the effect of 

manganese on the morphology of the structure. The lower manganese results in a granular versus 

lamellar structure made by higher manganese content in the material. 
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Figure 7.Effect of Mn Content on the Morphology of Microstructure [1] 

2010, Chin et al. [15] published their work on a Calphad evaluation of the system based on the 

descriptions of the Mn-Al-C and Fe-Al-C systems in order to establish a thermodynamic model 

for the κ phase. They used the two systems of Fe-Al-C, Fe-Mn-C and the calculated parameters 

for Mn-Al-C and Fe-Al-C; they claim that they were successful in making a model for the Fe-

Mn-Al-C system. A part of the database used in this thesis is based on their description.  
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4 Experimental Procedures 

4.1 Cutting and Tubing 

The compositions of the samples used are presented in table 4.  

 TABLE 4.SAMPLE COMPOSITIONS AND THEIR RESPECTIVE NAMES, ALL THE VALUES ARE IN WEIGHT 

PERCENT 

Sample Name Fe Mn Al C 

TKSE1 78.2 20 1.5 .3 

T1 58 30 10 2 

T6 48.8 40 10 1.2 

 

Each of these samples was cut into small flat pieces which were around l cm long and 5 mm 

wide. After this step each sample was encapsulated under vacuum inside a silica tube of proper 

size, (inner diameter of ~8mm).  

The reason behind the encapsulation of the samples in the silica tubes is to protect them from 

atmospheric reactions, decarburization and other unwanted procedures during the heat treatment 

process for the determined time.  

The procedure is divided into these steps: 

1. Cut the samples into proper size. 

Choosing the right diameter of the tube, one needs to completely seal off one end of the 

tube. This is done by heating the end of tube and rotating it in a clockwise or 

counterclockwise manner. This will lead to a perfect sealing in the end of the tube.  

2. After one end is sealed one should let it cool down since the temperature is reasonably 

high, both for safety of user and also for preventing any accidental oxidization of the 

samples. 

3. After the cooling down, one puts the samples into the closed tube towards the sealed end. 

4. Now one should connect the vacuum pump to the system and let it run.  

5. This step is the most important and tricky part, sealing the sample in a complete 

vacuumed capsule. For this based on the skill and size, one starts to heat somewhere 

around 10 centimeters from the sealed end, while holding the sealed end loosely in one 

hand and rotating the other end clockwise or counterclockwise near the heated zone. The 
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heated zone will start to form a soft paste which at this point by pulling each side in the 

same axis, opposite directions one should reach the proper sealed capsule. 

Figure 8.Encapsuled sample ready for the isothermal experiment shows a completed encapsulation. 

 

Figure 8.Encapsuled sample ready for the isothermal experiment 

After the samples were crafted, one should make sure that there is no leak, since it will nullify the 

main reason of capsulation. For testing this, one uses spark test. The spark test is based on the 

discharge from the probe to metal sample inside the tube. If there is no spark, there is a leakage 

thus there is atmospheric gas inside the tube. One should start from lowest potentiometer toward 

higher amounts on the dial.  

4.2 The Isothermal Heat Treatment 

This is the process that was used for the equilibrated alloys method in this work. In this method 

samples are held at the desired temperature for a predetermined period of time to reach 

equilibrium, and after that the samples are quenched in order to keep the high temperature 

structure at room temperature, since during the quenching there is not much time for diffusion 

and reordering of the phases. The encapsulated samples were placed inside an alumina crucible 

and heat treated in furnaces without any protective gas. 

For this research, the temperatures of choice were 900 °C and 1050 °C. Based on the previous 

works on different alloying system by Ishida et al. [2]. The amount of the residence time at each 

temperature was respectively 150 and 100 hours. For the sake of making sure that we have 

reached the equilibrium state a double time samples were also prepared for each temperature.  
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After reaching the required time the samples were taken out, and quenched in aqueous salt 

solutions for rapid heat exchange. This procedure is crucial since we want the microstructures to 

be locked-in down to room temperature and preventing any internal changes. After this the 

samples were taken out and the next step is SEM analysis. 

4.3 SEM investigation 

After the samples were prepared and quenched they were hot mounted, and grinded to remove 

any surface defects and also reach an acceptable surface finish for the SEM investigation. They 

were grinded by 240, 320, 600 and 1200 disks, and finally auto polished by Buehler Phoenix 

4000 Sample Preparation System. The polishing sequence was from micrometer to micrometer 

with emulsion solution as the polishing agent. After that the samples were investigated by SEM 

and EDS to determine which phases were present in the samples. The results were collected and 

also compared to the calculation of equilibrium for the given temperature and base composition 

for the sake of optimization of the final database. These investigations were carried out both on 

the center and edge of each sample and were used in order to have liable experimental data for 

the further steps of refining the descriptions. The images made by the SEM investigation will be 

presented below for the most important samples  

 

Figure 9.T1 at 900 °C for 150 hours center 
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FIGURE 10.T1 AT 1050 °C FOR 100 HOURS CENTER 

The reason for high magnification for this sample was due to the fact that two phase structure was 

so fine that it was not visible at lower magnifications. 

 

Figure 11.T6 at 900 °C for 150 hours 
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Figure 12.T6 at 1050 °C for 100 hours 

After examining the samples shown in figure 11 and 12, which are clearly single phase samples, 

it was decided to focus on the samples with higher manganese contents in order to reach a two 

phase region. And also since we had established that we will reach the equilibrium by using our 

initial samples at double times we only chose to do the shortest time for the next samples which 

were T7 and T8 containing around 40 percent manganese. These two samples were chosen to 

diversify our findings since we only reached two phase state for only sample composition from 

the previous studies. And the sample T6 only resulted in single phase at both temperatures so in 

order to cut down the time needed for the isothermal heat treatment, we chose the higher 

temperature limit but for a slightly longer time (125 hours). These two samples were showing the 

most interesting results which will be discussed in more detail later. By casing these two samples 

surface investigations we will move toward our data collections and comparison with the 

calculations. As one can see in these two low magnification images we have at least two phases 

which was promising in our case since we only had a two phase sample from our previous studies 

and the rest were only one phase.  
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Figure 13.T7 at 1050 °C for 125 hours 

 

 

FIGURE 14.T8 AT 1050 °C FOR 125 HOURS 
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4.4 Thermo-Calc calculations 

Alongside the experimental work, some calculations were done for each respective temperature 

and composition using a database currently being developed at KTH within the European RFCS 

project Precipitation in High Manganese Steels (Project number: RFSR-CT-2010-00018).The 

results of this calculation are shown here in order to be used for comparison with the 

experimental results from the EDS and SEM.  In the end this results will be compared against 

experimental data. The calculation was done for TKSE1, T1, T6, T7 and T8.  

TABLE 5.EQUILIBRIUM CALCULATION FOR SAMPLE TKSE1  AT 900°C 

Output from POLY-3, equilibrium =     1, label A0  , database: USER     

 

 Conditions: 

 T=1173.15, N=1, P=1E5, W(C)=3E-3, W(AL)=1.5E-2, W(MN)=0.2 

 DEGREES OF FREEDOM 0 

 

 Temperature   1173.15 K (   900.00 C),  Pressure  1.000000E+05 

 Number of moles of components  1.00000E+00,  Mass in grams  5.42043E+01 

 Total Gibbs energy -6.43046E+04,  Enthalpy  2.97198E+04,  Volume  0.00000E+00 

 

 Component               Moles       W-Fraction  Activity   Potential  Ref.stat 

 AL                      3.0134E-02  1.5000E-02 1.3692E-07 -1.5415E+05 SER      

 C                       1.3539E-02  3.0000E-03 1.1554E-02 -4.3510E+04 SER      

 FE                      7.5900E-01  7.8200E-01 2.7303E-03 -5.7582E+04 SER      

 MN                      1.9733E-01  2.0000E-01 3.4119E-04 -7.7868E+04 SER      

 

 FCC_4SL                     Status ENTERED     Driving force  0.0000E+00 

 Moles 1.0000E+00, Mass 5.4204E+01, Volume fraction 0.0000E+00  Mass fractions: 

 FE  7.82000E-01  MN  2.00000E-01  AL  1.50000E-02  C   3.00000E-03 

 

TABLE 6.EQUILIBRIUM CALCULATION FOR SAMPLE TKSE1 AT  1050°C 

Output from POLY-3, equilibrium =     1, label A0  , database: USER     

 

 Conditions: 

 T=1323.15, N=1, P=1E5, W(C)=3E-3, W(AL)=1.5E-2, W(MN)=0.2 

 DEGREES OF FREEDOM 0 

 

 Temperature   1323.15 K (  1050.00 C),  Pressure  1.000000E+05 

 Number of moles of components  1.00000E+00,  Mass in grams  5.42043E+01 

 Total Gibbs energy -7.66490E+04,  Enthalpy  3.50059E+04,  Volume  0.00000E+00 

 

 Component               Moles       W-Fraction  Activity   Potential  Ref.stat 

 AL                      3.0134E-02  1.5000E-02 3.0867E-07 -1.6492E+05 SER      

 C                       1.3539E-02  3.0000E-03 7.0913E-03 -5.4444E+04 SER      

 FE                      7.5900E-01  7.8200E-01 1.7884E-03 -6.9599E+04 SER      

 MN                      1.9733E-01  2.0000E-01 2.3755E-04 -9.1807E+04 SER      

 

 FCC_4SL                     Status ENTERED     Driving force  0.0000E+00 

 Moles 1.0000E+00, Mass 5.4204E+01, Volume fraction 0.0000E+00  Mass fractions: 

 FE  7.82000E-01  MN  2.00000E-01  AL  1.50000E-02  C   3.00000E-03 
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TABLE 7.EQUILIBRIUM CALCULATION FOR SAMPLE T1 AT  900°C 

Output from POLY-3, equilibrium =     1, label A0  , database: USER     

 

 Conditions: 

 T=1173.15, N=1, P=1E5, W(C)=2E-2, W(AL)=0.1, W(MN)=0.3 

 DEGREES OF FREEDOM 0 

 

 Temperature   1173.15 K (   900.00 C),  Pressure  1.000000E+05 

 Number of moles of components  1.00000E+00,  Mass in grams  4.71308E+01 

 Total Gibbs energy -7.34824E+04,  Enthalpy  1.56616E+04,  Volume  0.00000E+00 

 

 Component               Moles       W-Fraction  Activity   Potential  Ref.stat 

 AL                      1.7468E-01  1.0000E-01 1.4428E-05 -1.0872E+05 SER      

 C                       7.8479E-02  2.0000E-02 4.0679E-02 -3.1233E+04 SER      

 FE                      4.8948E-01  5.8000E-01 1.0717E-03 -6.6704E+04 SER      

 MN                      2.5737E-01  3.0000E-01 4.4217E-04 -7.5339E+04 SER      

 

 FCC_4SL                     Status ENTERED     Driving force  0.0000E+00 

 Moles 8.6419E-01, Mass 4.1130E+01, Volume fraction 0.0000E+00  Mass fractions: 

 FE  5.50520E-01  MN  3.31184E-01  AL  1.02261E-01  C   1.60347E-02 

 

 KAPPA_L12#2                 Status ENTERED     Driving force  0.0000E+00 

 Moles 1.3581E-01, Mass 6.0005E+00, Volume fraction 0.0000E+00  Mass fractions: 

 FE  7.82069E-01  MN  8.62524E-02  AL  8.44989E-02  C   4.71798E-02 

 

TABLE 8.EQUILIBRIUM CALCULATION FOR SAMPLE T1 AT  1050°C 

Output from POLY-3, equilibrium =     1, label A0  , database: USER     

 

 Conditions: 

 T=1323.15, N=1, P=1E5, W(C)=2E-2, W(AL)=0.1, W(MN)=0.3 

 DEGREES OF FREEDOM 0 

 

 Temperature   1323.15 K (  1050.00 C),  Pressure  1.000000E+05 

 Number of moles of components  1.00000E+00,  Mass in grams  4.71308E+01 

 Total Gibbs energy -8.51982E+04,  Enthalpy  2.08666E+04,  Volume  0.00000E+00 

 

 Component               Moles       W-Fraction  Activity   Potential  Ref.stat 

 AL                      1.7468E-01  1.0000E-01 2.2379E-05 -1.1780E+05 SER      

 C                       7.8479E-02  2.0000E-02 3.4661E-02 -3.6988E+04 SER      

 FE                      4.8948E-01  5.8000E-01 7.3946E-04 -7.9315E+04 SER      

 MN                      2.5737E-01  3.0000E-01 3.0762E-04 -8.8964E+04 SER      

 

 FCC_4SL                     Status ENTERED     Driving force  0.0000E+00 

 Moles 8.6513E-01, Mass 4.1139E+01, Volume fraction 0.0000E+00  Mass fractions: 

 FE  5.50788E-01  MN  3.30383E-01  AL  1.02612E-01  C   1.62168E-02 

 

 KAPPA_L12#2                 Status ENTERED     Driving force  0.0000E+00 

 Moles 1.3487E-01, Mass 5.9917E+00, Volume fraction 0.0000E+00  Mass fractions: 

 FE  7.80568E-01  MN  9.13892E-02  AL  8.20678E-02  C   4.59753E-02 
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TABLE 9.EQUILIBRIUM CALCULATION FOR SAMPLE T6 AT  900°C 

Output from POLY-3, equilibrium =     1, label A0  , database: USER     

 

 Conditions: 

 T=1173.15, N=1, P=1E5, W(C)=1.2E-2, W(AL)=0.1, W(MN)=0.4 

 DEGREES OF FREEDOM 0 

 

 Temperature   1173.15 K (   900.00 C),  Pressure  1.000000E+05 

 Number of moles of components  1.00000E+00,  Mass in grams  4.82524E+01 

 Total Gibbs energy -7.53556E+04,  Enthalpy  1.58939E+04,  Volume  0.00000E+00 

 

 Component               Moles       W-Fraction  Activity   Potential  Ref.stat 

 AL                      1.7883E-01  1.0000E-01 1.5806E-05 -1.0783E+05 SER      

 C                       4.8208E-02  1.2000E-02 1.8010E-02 -3.9181E+04 SER      

 FE                      4.2164E-01  4.8800E-01 9.2875E-04 -6.8100E+04 SER      

 MN                      3.5132E-01  4.0000E-01 5.9190E-04 -7.2495E+04 SER      

 

 FCC_4SL                     Status ENTERED     Driving force  0.0000E+00 

 Moles 1.0000E+00, Mass 4.8252E+01, Volume fraction 0.0000E+00  Mass fractions: 

 FE  4.88000E-01  MN  4.00000E-01  AL  1.00000E-01  C   1.20000E-02 

 

TABLE 10.EQUILIBRIUM CALCULATION FOR SAMPLE T6 AT  1050°C 

Output from POLY-3, equilibrium =     1, label A0  , database: USER     

 

 Conditions: 

 T=1323.15, N=1, P=1E5, W(C)=1.2E-2, W(AL)=0.1, W(MN)=0.4 

 DEGREES OF FREEDOM 0 

 

 Temperature   1323.15 K (  1050.00 C),  Pressure  1.000000E+05 

 Number of moles of components  1.00000E+00,  Mass in grams  4.82524E+01 

 Total Gibbs energy -8.73453E+04,  Enthalpy  2.11801E+04,  Volume  0.00000E+00 

 

 Component               Moles       W-Fraction  Activity   Potential  Ref.stat 

 AL                      1.7883E-01  1.0000E-01 2.3656E-05 -1.1719E+05 SER      

 C                       4.8208E-02  1.2000E-02 1.6192E-02 -4.5361E+04 SER      

 FE                      4.2164E-01  4.8800E-01 6.5216E-04 -8.0697E+04 SER      

 MN                      3.5132E-01  4.0000E-01 4.0657E-04 -8.5896E+04 SER      

 

 FCC_4SL                     Status ENTERED     Driving force  0.0000E+00 

 Moles 1.0000E+00, Mass 4.8252E+01, Volume fraction 0.0000E+00  Mass fractions: 

 FE  4.88000E-01  MN  4.00000E-01  AL  1.00000E-01  C   1.20000E-02 
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TABLE 11.EQUILIBRIUM CALCULATION FOR SAMPLE T7 AT  900°C 

Output from POLY-3, equilibrium =     1, label A0  , database: USER     

 

 Conditions: 

 T=1173.15, N=1, P=1E5, W(C)=2.8E-2, W(AL)=0.116, W(MN)=0.4 

 DEGREES OF FREEDOM 0 

 

 Temperature   1173.15 K (   900.00 C),  Pressure  1.000000E+05 

 Number of moles of components  1.00000E+00,  Mass in grams  4.52971E+01 

 Total Gibbs energy -7.36418E+04,  Enthalpy  1.38285E+04,  Volume  0.00000E+00 

 

 Component               Moles       W-Fraction  Activity   Potential  Ref.stat 

 AL                      1.9474E-01  1.1600E-01 2.7372E-05 -1.0248E+05 SER      

 C                       1.0560E-01  2.8000E-02 8.6599E-02 -2.3863E+04 SER      

 FE                      3.6986E-01  4.5600E-01 7.5080E-04 -7.0175E+04 SER      

 MN                      3.2981E-01  4.0000E-01 3.9495E-04 -7.6441E+04 SER      

 

 FCC_4SL                     Status ENTERED     Driving force  0.0000E+00 

 Moles 1.0000E+00, Mass 4.5297E+01, Volume fraction 0.0000E+00  Mass fractions: 

 FE  4.56000E-01  MN  4.00000E-01  AL  1.16000E-01  C   2.80000E-02 

 

TABLE 12.EQUILIBRIUM CALCULATION FOR SAMPLE T7 AT  1050°C 

Output from POLY-3, equilibrium =     1, label A0  , database: USER     

 

 Conditions: 

 T=1323.15, N=1, P=1E5, W(C)=2.8E-2, W(AL)=0.116, W(MN)=0.4 

 DEGREES OF FREEDOM 0 

 

 Temperature   1323.15 K (  1050.00 C),  Pressure  1.000000E+05 

 Number of moles of components  1.00000E+00,  Mass in grams  4.52971E+01 

 Total Gibbs energy -8.51414E+04,  Enthalpy  1.90001E+04,  Volume  0.00000E+00 

 

 Component               Moles       W-Fraction  Activity   Potential  Ref.stat 

 AL                      1.9474E-01  1.1600E-01 3.9045E-05 -1.1167E+05 SER      

 C                       1.0560E-01  2.8000E-02 7.3956E-02 -2.8651E+04 SER      

 FE                      3.6986E-01  4.5600E-01 5.2695E-04 -8.3043E+04 SER      

 MN                      3.2981E-01  4.0000E-01 2.8210E-04 -8.9917E+04 SER      

 

 FCC_4SL                     Status ENTERED     Driving force  0.0000E+00 

 Moles 1.0000E+00, Mass 4.5297E+01, Volume fraction 0.0000E+00  Mass fractions: 

 FE  4.56000E-01  MN  4.00000E-01  AL  1.16000E-01  C   2.80000E-02 C                       

1.0560E-01  2.8000E-02 8.6599E-02 -2.3863E+04 SER      

 FE                      3.6986E-01  4.5600E-01 7.5080E-04 -7.0175E+04 SER      

 MN                      3.2981E-01  4.0000E-01 3.9495E-04 -7.6441E+04 SER      

 

 FCC_4SL                     Status ENTERED     Driving force  0.0000E+00 

 Moles 1.0000E+00, Mass 4.5297E+01, Volume fraction 0.0000E+00  Mass fractions: 

 FE  4.56000E-01  MN  4.00000E-01  AL  1.16000E-01  C   2.80000E-02 
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TABLE 13.EQUILIBRIUM CALCULATION FOR SAMPLE T8 AT  900°C 

Output from POLY-3, equilibrium =     1, label A0  , database: USER     

 

 Conditions: 

 T=1173.15, N=1, P=1E5, W(C)=0.1, W(AL)=5E-2, W(MN)=0.4 

 DEGREES OF FREEDOM 0 

 

 Temperature   1173.15 K (   900.00 C),  Pressure  1.000000E+05 

 Number of moles of components  1.00000E+00,  Mass in grams  3.91889E+01 

 Total Gibbs energy -5.74865E+04,  Enthalpy  1.67269E+04,  Volume  0.00000E+00 

 

 Component               Moles       W-Fraction  Activity   Potential  Ref.stat 

 AL                      7.2620E-02  5.0000E-02 1.6312E-05 -1.0753E+05 SER      

 C                       3.2627E-01  1.0000E-01 1.7143E-01 -1.7202E+04 SER      

 FE                      3.1577E-01  4.5000E-01 6.7591E-04 -7.1200E+04 SER      

 MN                      2.8533E-01  4.0000E-01 4.2880E-04 -7.5639E+04 SER      

 

 KAPPA                       Status ENTERED     Driving force  0.0000E+00 

 Moles 3.9002E-01, Mass 1.6956E+01, Volume fraction 0.0000E+00  Mass fractions: 

 FE  7.76080E-01  MN  8.79504E-02  AL  8.26099E-02  C   5.33597E-02 

 

 M7C3_D101                   Status ENTERED     Driving force  0.0000E+00 

 Moles 3.4422E-01, Mass 1.4515E+01, Volume fraction 0.0000E+00  Mass fractions: 

 MN  7.54987E-01  FE  1.59565E-01  C   8.54482E-02  AL  0.00000E+00 

 

 FCC_4SL                     Status ENTERED     Driving force  0.0000E+00 

 Moles 1.4073E-01, Mass 6.2156E+00, Volume fraction 0.0000E+00  Mass fractions: 

 MN  5.18907E-01  FE  3.47458E-01  AL  8.98885E-02  C   4.37464E-02 

 

 GRAPHITE_A9                 Status ENTERED     Driving force  0.0000E+00 

 Moles 1.2504E-01, Mass 1.5019E+00, Volume fraction 0.0000E+00  Mass fractions: 

 C   1.00000E+00  AL  0.00000E+00  FE  0.00000E+00  MN  0.00000E+00 
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TABLE 14.EQUILIBRIUM CALCULATION FOR SAMPLE T8 AT  1050°C 

Output from POLY-3, equilibrium =     1, label A0  , database: USER     

 

 Conditions: 

 T=1323.15, N=1, P=1E5, W(C)=0.1, W(AL)=5E-2, W(MN)=0.4 

 DEGREES OF FREEDOM 0 

 

 Temperature   1323.15 K (  1050.00 C),  Pressure  1.000000E+05 

 Number of moles of components  1.00000E+00,  Mass in grams  3.91889E+01 

 Total Gibbs energy -6.73241E+04,  Enthalpy  2.24320E+04,  Volume  0.00000E+00 

 

 Component               Moles       W-Fraction  Activity   Potential  Ref.stat 

 AL                      7.2620E-02  5.0000E-02 1.5945E-05 -1.2152E+05 SER      

 C                       3.2627E-01  1.0000E-01 1.4028E-01 -2.1608E+04 SER      

 FE                      3.1577E-01  4.5000E-01 5.1860E-04 -8.3218E+04 SER      

 MN                      2.8533E-01  4.0000E-01 3.2928E-04 -8.8215E+04 SER      

 

 KAPPA_L12#2                 Status ENTERED     Driving force  0.0000E+00 

 Moles 3.3995E-01, Mass 1.4880E+01, Volume fraction 0.0000E+00  Mass fractions: 

 FE  7.71735E-01  MN  9.86697E-02  AL  7.70240E-02  C   5.25711E-02 

 

 M7C3_D101                   Status ENTERED     Driving force  0.0000E+00 

 Moles 2.7723E-01, Mass 1.1699E+01, Volume fraction 0.0000E+00  Mass fractions: 

 MN  7.11766E-01  FE  2.02846E-01  C   8.53878E-02  AL  0.00000E+00 

 

 FCC_4SL                     Status ENTERED     Driving force  0.0000E+00 

 Moles 2.4546E-01, Mass 1.0960E+01, Volume fraction 0.0000E+00  Mass fractions: 

 MN  5.36525E-01  FE  3.44749E-01  AL  7.42084E-02  C   4.45173E-02 

 

 GRAPHITE_A9                 Status ENTERED     Driving force  0.0000E+00 

 Moles 1.3735E-01, Mass 1.6498E+00, Volume fraction 0.0000E+00  Mass fractions: 

 C   1.00000E+00  AL  0.00000E+00  FE  0.00000E+00  MN  0.00000E+00 

 

5 Results 
This part tends to compare the results from the experimental procedures in the research and the 

equilibrium calculations in order to be a roadmap and evaluation of accuracy of the present model 

for the quaternary alloying system of Fe-Mn-Al-C steel family. First the comparison of number 

of the phases is presented and then we compare some of the compositions in both cases were we 

matched the prediction of the calculation or when we got completely different results. As already 

mentioned due to time limit and also results of previous experiments, we only perform the 

1050 °C heat-treatment for the T7 and T8 samples. 
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TABLE 15-COMPARISON OF THE CALCULATED EQUILIBRIUM PHASES VS THE EXPERIMENTAL DATA 

Sample Name Thermo-Calc® 

Number of phases 

SEM Number Of 

phases 

Temperature 

TKSE1 1 (FCC) 1(FCC) 1050 °C 

TKSE1 1 (FCC) 1(FCC) 900 °C 

T1 2 (FCC and κ) 2 900 °C  

T1 2 (FCC and κ) 2 1050 °C  

T6 1 (FCC) 1(FCC) 900 °C  

T6 1(FCC) 1 1050 °C  

T7 1(FCC) 2 1050 °C  

T8 4(FCC, κ, M7C3, 

Graphite) 

3 1050 °C 

 

As one can see from the table above for the case of single phase specimens, the calculation 

results match with the results from the experimental work. However when we have at least two 

phase system the agreements does not exist anymore. The only exception for single phase 

prediction was T7 which instead of one phase we reached a two phase structure.  

The TKSE1 is pure FCC since the amount of aluminum and carbon are really low in order to 

form any κ phase. Manganese is FCC stabilizer and thus we only have FCC.  

T1 Consist of two phases, which one of them matches the FCC composition while the 

composition of the other one is different from the composition of κ phase predicted by the 

calculation of equilibrium. As we have higher temperature at 1050 this difference becomes 

greater and the second phase is richer in manganese than predicted by the calculation which is 

respectively 8 % and 9 % for each temperature. The experimental amount is 30 and 17 mass 

percent.  

T6 is very rich in manganese (40 wt.%) and very low in carbon and aluminum. The experimental 

data matches the result from the calculations. As said before the effect of manganese is 

stabilizing the FCC and low carbon and aluminium content result in disability to form the κ 

phase.  

For the case of T7, we have predicted that we would only have one phase which is our FCC 

which means that our samples should not form any other phase at the given temperature, which 

also contradicts our experimental results. One phase is richer in aluminum and iron content. 
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In the case of T8, there is no visible graphite in the system neither in the linear or point scan nor 

in the Light Optical Microscopy. According to the calculated results we should have at least 

about 13 at.% graphite present which would make detecting it fairly simple even with Light 

Optical Microscopy.  

The following charts present the comparison of the Thermo-Calc calculations and the SEM 

investigations: 

TABLE 16- COMPARISON FOR TKSE1 AT 900°C (ALL CONTENTS ARE IN WEIGHT PERCENT) 

SEM RESULTS Thermo-Calc Results 

Al Mn Fe Al Mn Fe 

1.31 19.86 78.82 1.5 20 78.47 

TABLE 17-COMPARISON  FOR TKSE1 AT  1050°C (ALL CONTENTS ARE IN WEIGHT PERCENT) 

SEM RESULTS Thermo-Calc Results 

Al Mn Fe Al Mn Fe 

1.31 19.86 78.82 1.5 20 78.47 

 

TABLE 18-COMPARISON FOR T1 AT 900°C (ALL CONTENTS ARE IN WEIGHT PERCENT) 

SEM RESULTS Thermo-Calc Results 

Predicted 
Phase by 
Thermo-

Calc  

Al Mn Fe Al Mn Fe 
 

10.29 33.74 55.95 8.86 9.04 82.01 κ 

9.56 28.59 61.79 8.86 9.04 82.01 
 

8.39 30.03 61.34 10.43 33.36 56 FCC 

8.57 29.8 61.46 10.43 33.36 56 
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TABLE 19.COMPARISON  FOR T1 AT  1050°C (ALL CONTENTS ARE IN WEIGHT PERCENT) 

SEM RESULTS Thermo-Calc Results 

Predicted 
Phase by 
Thermo-

Calc 

Al Mn Fe Al Mn Fe 
 

9.25 27.9 56.95 10.38 33.6 56 κ 

10.79 31.3 57.91 10.38 33.6 56 
 

9.4 29.36 61.26 10.38 33.6 56 FCC 

10.65 31.89 57.46 10.38 33.6 56 
 

9.02 27.89 63.09 10.38 33.6 56 
 

9.26 27.87 62.86 10.38 33.6 56 
 

TABLE 20.COMPARISON FOR T6 AT 900 °C (ALL CONTENTS ARE IN WEIGHT PERCENT, AREA SCAN) 

SEM RESULTS Thermo-Calc Results 

Predicted 
Phase by 
Thermo-

Calc 

Al Mn Fe Al Mn Fe 
 

9.55 42.08 48.29 10.12 40.48 49.4 Fcc 

 

TABLE 21.COMPARISON FOR T6 AT 1050 °C (ALL CONTENTS ARE IN WEIGHT PERCENT) 

SEM RESULTS Thermo-Calc Results 

Predicted 
Phase by 
Thermo-

Calc 

Al Mn Fe Al Mn Fe 
 

9.03 42.23 48.74 10.12 40.48 49.4 Fcc 

9.5 42.18 48.33 10.12 40.48 49.4 
 

9.39 42.45 48.16 10.12 40.48 49.4 
 

9.02 42.87 48.11 10.12 40.48 49.4 
 

9.7 42 48.3 10.12 40.48 49.4 
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TABLE 22.COMPARISON FOR T7 AT 1050 °C (ALL CONTENTS ARE IN WEIGHT PERCENT) 

SEM RESULTS Thermo-Calc Results Predicted Phase by Thermo-
Calc 

Al Mn Fe Al Mn Fe  

10.23 40.68 49.09 11.94 41.15 46.91 FCC 

10.16 40.69 49.16 11.94 41.15 46.91 FCC 

10.24 40.71 49.05 11.94 41.15 46.91 FCC 

10.23 40.57 49.2 11.94 41.15 46.91 FCC 

8.88 36.35 54.76 11.94 41.15 46.91 FCC 

8.72 36.32 54.96 11.94 41.15 46.91 FCC 

8.78 36.43 54.79 11.94 41.15 46.91 FCC 

8.84 36.43 54.73 11.94 41.15 46.91 FCC 

 

TABLE 23.COMPARISON FOR T8 AT 1050 °C (ALL CONTENTS ARE IN WEIGHT PERCENT) 

SEM RESULTS Thermo-Calc Results Predicted 
Phase by 
Thermo-

Calc 

Al Mn Fe Al Mn Fe  

6.01 43.45 50.54 8.73 9.29 81.98 κ 

6.29 43.17 50.54 8.73 9.29 81.98 κ 

6.16 43.28 50.56 8.73 9.29 81.98 κ 

6.3 43.43 50.26 0 82.55 17.45 M7C3 

6.28 43.26 50.46 0 82.55 17.45 M7C4 

6.23 43.4 50.37 0 82.55 17.45 M7C5 

6.2 43.36 50.44 9.33 54.38 36.29 FCC 

4.1 35.18 60.72 9.33 54.38 36.29 FCC 

4.14 35.18 60.68 9.33 54.38 36.29 FCC 

3.74 35.14 60.92 9.33 54.38 36.29 FCC 

3.91 35.1 60.79 0 0 0 Graphite 

3.89 35.09 60.84 0 0 0 Graphite 

4.77 37.78 57.45 0 0 0 Graphite 

5.52 40.33 54.15 0 0 0 Graphite 
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6 Conclusions 
As the results show, there is a difference between the experimental data and the calculated 

results. The database used was created based on the description by Chin et al. which showed 

some disagreement with our experimental result. The results also indicates that in some cases like 

T1 and T8 we have a phase that can be κ but further study is needed.  

While most of the other studies have focused on the mechanical properties and cryogenic 

applications of this family of steel there are a few attempts to approach the phase diagram 

determination. This data and future data would be used in order to create a more reliable 

database, since this family of steel shows so much promise to substitute current families of steel 

in the industry. The lower price, corrosion resistance and TWIP effects are all the reasons that we 

should focus more into this direction.  

One should notice that as we increase the manganese content the final results get more 

complicated than what we first expected. In case of T8 we did not even get close to any 

agreement with the calculated results. Another fact one should bear in mind is that by increasing 

the Mn content more than 30 wt.%, we are increasing the potential of formation of unwanted 

phases that will influence the final product with negative behavior.  

While most attempts of studies also included hot rolling, it was omitted in this project in order to 

see the phases that were formed and their morphology of lamellar structure or granular one 

without the mechanical deformation and reorientation of the grains.  

7 Future Work 
As said before, we wanted to compare the stable phases at equilibrium and their chemical 

composition with the calculated results using a thermodynamic database that is being developed 

within the project. But we did not quantify the phases in the experimental process. So it is 

suggested to continue this work in future with: 

 XDS and XRD analysis on the samples in order to have a better understanding of formed 

phases. 

 We chose two different temperature based on the previous works, it is suggested that the 

experiments be done in a wider range of temperature to have more data available. 
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 TEM study of the final samples for better understanding of phases created. 

 Stopping the process at shorter times in order to observe the phase transformation in 

series of experiment, instead of equilibrium state as final goal. 

 Thermo analytical techniques such as DSC for phase transitions. 

 Implementing the collected data for a new thermodynamic database for the Fe-Mn-Al-C 

steel family. 

While these are the author’s suggestions, these processes are time consuming and while we tried 

to perform a part of this, the lack of time prevented us from delivering them within this work. 
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