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Abstract The paper deals with the study of phase transformation temperatures of the model Fe–C–

O based metallic alloys in the high temperature region (above 1000 °C). Six model alloys with 

graded carbon and oxygen content were prepared and studied. Temperatures of phase transitions 

were obtained using DTA method (differential thermal analysis). The Setaram SETSYS 18TM 

(TG/DTA/DSC/TMA) modular experimental system was used for measurements. Influence of 

composition change (carbon and oxygen content) on shift of phase transformation temperatures 

is investigated in this paper. New original data (phase transformation temperatures) were obtained 

in this study. Controlled heating of the alloys was conducted at the rates of 2, 4, 7, 10, 15 and 

20 °C min
-1

. Comparison of the obtained experimental data with the data presented in the literature 

was also carried out. It follows from comparison of the obtained results with the data accessible in 

the literature that a lack of experimental data exists, and these available data significantly differ. 

Key words Fe–C–O system, DTA, phase transformation temperatures, 

decarburization 
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Introduction 

Iron based alloys are important materials, however, a lack of experimental 

material data describing thermo-physical and thermo-dynamical properties of 

these alloys still exist, which is why these alloys are still the subject of extensive 

research. This paper deals with the study of phase transformation temperatures of 

Fe–C–O based metallic alloys in the high temperature region. This work follows 

from work [1], which was focused on the study of phase transformation 

temperature of the Fe–C–O system in the low temperature region. An insufficient 

quantity of thermo-physical and thermo-dynamical data about this system is 

presently available. For example the ASM international database of phase 

diagrams [2] contains only two isothermal sections through the ternary phase 

diagram of the Fe–C–O system, namely for the temperatures of 400 and 600 °C. 

(The same database contains more than 100 ternary diagrams for the Fe–C–Cr 

system.)  

Differential Thermal Analysis (DTA) [3, 4] was used for obtaining the 

temperatures of phase transformations for six Fe–C–O based alloys in high-

temperature region. Experimental measurements were carried out using the 

equipment for thermal analysis Setaram SETSYS 18TM. 

The newly acquired data will serve towards completion of the existing 

thermo-physical data on the system Fe–C–O, and can subsequently also contribute 

to a clearer description and easier understanding of more complex poly-

component systems, such as, for example, steels [5, 6]. 

Theoretical background 

Due to the aforementioned lack of data on the ternary system Fe–C–O, the 

Fe–C and Fe–O binary systems, for which substantially more data are available in 

the literature, were in this paper taken as a basis for investigation of the Fe–C–O 

system. 

Fe–C System 

Several important phase transformations take place in the high-temperature 

region of the Fe–Fe3C system [7]. During cooling, at first solidification of melt 

takes place according to the curve AB (curve of liquidus). During solidification δ 
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ferrite is formed (Fig. 1). The whole system is in a solid state on the curve AHB 

(curve of solidus). Peritectic transformation takes place at the temperature of 1499 

°C. Peritectic reaction can be expressed schematically by the following equation: 

L + δ → γ. δ ferrite transforms to austenite between the curves HN and NJ 

(Fig. 1). 

Fe–O System 

Several important phase transformations run in the high-temperature 

region of the Fe–O system (Fig. 2) [8]. During the cooling solidification occurs 

first. The system starts to solidify at the temperature of 1538 °C (0 wt % oxygen), 

shown in diagram (Fig. 2). Monotectic reaction, which is characterised by the 

equation L1 = L2 + Feδ(O), takes place at the temperature of 1528 °C. Another 

reaction – catatectic Feδ(O) = L2+ Feγ(O) takes place at the temperature of 1396 °C. 

Eutectic reaction L2 = Feγ(O) + Fe0,92O takes place at the temperature of 1372 °C. 

The temperatures of phase transformations and concentration ranges, in 

which individual transformations run, differ from each other [9-13]. The overview 

of experimentally measured and calculated temperatures of eutectic 

transformation (TEu), catatectic transformation (TCAT) and monotectic 

transformation (TMON) is shown in Table 1.  

Experiment 

Samples characterisation 

Fe based alloys with graded carbon and oxygen content, prepared in the 

laboratory, were studied. Samples of Fe–C–O alloys were prepared by vacuum 

melting of ingots made of plasma prepared iron with the addition of graphitic 

carbon. Chemical composition of the Fe plasma is given in Table 2 (Fepl). Purity 

of the Fe plasma was 99.7 wt %. During melting the added carbon reacted with 

oxygen, which was present in the iron plasma, creating an oxide of carbon (most 

probably CO). The more carbon was added during the vacuum melting, the more 

oxygen reacted with carbon, creating thus oxide of carbon (it was manifested also 

by an increase of pressure in the vacuum furnace). Chemical composition of the 

analysed samples is given in Table 2.  
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Chemical composition of the samples was determined using 

a spectrometer with spark discharge. Carbon, oxygen, sulphur and nitrogen 

content in the samples were determined using combustion analysers. Chemical 

composition of the Fe-plasma was moreover verified by the following methods: 

atomic absorption spectrometry, ICP-OES, gravimetry, titration, volumetric 

combustion. Using these methods the content of other metals in the Fe plasma was 

also determined (such as Cu, W, Sn, Mo, Al and Ti). Content of the majority of 

these elements was below the detection limit (content of those elements is not 

given in Table 2). The values obtained by this method were identical with the 

concentration values determined by spectrometer with a sparkling discharge and 

by combustion analyser. 

The samples for DTA analysis were processed into the form of cylinders 

with diameter of 3.5 mm and height of ~ 3 mm. Mass of the cylinders was 

~ 150 mg. 

Experimental conditions 

Setaram SETSYS 18TM (TG/DTA/DSC/TMA) laboratory system for 

thermal analysis and DTA „S“ type (Pt/PtRh 10%) thermocouple were used for 

obtaining the phase transformations temperatures. The samples were analysed in 

corundum crucibles with volume of 100 µl. An empty corundum crucible served 

as reference. Dynamic atmosphere of Ar (purity>99.9999 %) was maintained in 

the furnace during analysis in order to protect the sample against oxidation. Each 

alloy was analysed at the controlled heating rates of 2, 4, 7, 10 15 and 

20 °C min
-1

. Before measurement the instrument was calibrated with respect to 

the melting temperatures of the standard metals with a 5 N purity (Au, Ni, Pd). 

The reference measurements were performed on samples 2, 4 and 6 with 

use of the DSC method and Netzsch STA 449 F3 Jupiter equipment under the 

same experimental conditions (atmosphere, sample mass). The reference 

measurements were performed at a heating rate of 4 °C min
-1

. Comparison of 

temperatures of phase transformations obtained by DTA and DSC methods [14] 

showed very good agreement (differences of no more than 5 °C). 
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Results and discussion 

Temperatures of phase transformations were obtained on the basis of DTA 

curves evaluation (Fig. 3). Evolution of individual DTA curves differs depending 

on the carbon and oxygen content in the samples. During thermal analysis 

chemical composition of the samples changed – content of carbon and oxygen in 

the samples dropped. The degree of reduction of the carbon and oxygen content 

decreases with an increasing heating rate, as it is evident from the DTA curves 

obtained at different heating rates (2, 4, 7, 10, 15 and 20 °C min
-1

). The lowest 

reduction of the carbon and oxygen content took place at the highest rate of 

heating. Due to the sample size (~ 150 mg) and course of the analysis it was not 

possible to determine chemical composition of the samples (carbon and oxygen 

content) after the DTA analysis. (A minimum sample size is 500 mg for reliably 

obtained results of chemical composition.) For this reason comparative 

measurements with bigger samples (~ 500 mg) were carried out. It led to 

confirmation of decarburization during the DTA analysis (if the samples were 

completely remelted). These measurements proved that a 79 % loss of carbon 

could have been achieved during analysis. 

Samples 1-3 thus corresponded in the high temperature region more to the 

system Fe–O than Fe–C–O. Phase transformations running in the system Fe–O in 

the high temperature region are mostly invariant. Change of the oxygen content 

thus does not have distinct influence on the obtained temperatures of phase 

transformations. For this reason we chose, for the samples 1-3, the temperatures 

of phase transformations obtained at the heating rate of 2 °C min
-1

 (Figure 3a) as 

relevant temperatures, as they should be close to the equilibrium temperatures 

[15]. Characteristic transformation temperatures for the sample 1-3 are shown in 

Table 3. 

Contrarily, samples 4, 5 and 6 in the high temperature region corresponded 

rather to the system Fe–C. Decarburization of the samples during DTA analysis 

influenced the obtained temperatures of the gamma-delta phase transformation, as 

well as the liquidus temperature. Only the temperature of peritectic reaction was 

not influenced, since peritectic reaction is invariant. In order to achieve the 

maximum of the carbon and oxygen content in the samples, the phase 

transformation temperature obtained at the heating rate of 20 °C min
-1

 was chosen 

as the temperature relevant for the samples 4, 5, 6 (Figure 3b). The heating rate 
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influences the obtained phase transformation temperature [16, 17], mainly the 

temperature corresponding to the peak top. Temperature of the peak top shifts 

with the increasing heating rate towards higher temperatures. This shift is evident 

mainly at the temperatures of the peak top of large thermal effects (melting). For 

this reason the obtained liquidus temperatures were extrapolated (corrected) to the 

zero heating rate (Table 4), by a similar procedure to the one described in the 

work [1]. 

Eutectic phase transformation (L2 → Feγ + Fe0.92O) took place in the 

samples 1, 2, 3 (Fig. 3). Temperature of eutectic phase transformation is marked 

as TEu. Thermal effect of the eutectic phase transformation was very small. The 

thermal effect in the samples 4-6 was not detected.  

Catatectic transformation Feδ → Feγ + L2 and monotectic transformation 

L1→ L2 + Feδ took place in the samples 1, 2, 3 (the samples with higher oxygen 

content). Temperature of catatectic transformation is marked as TCAT and 

temperature of monotectic transformation is marked as TMON. Catatectic 

transformation probably took place in the sample 4 as well. From the shape of the 

DTA curve it is possible to detect two overlapping thermal effects in the 

temperature range of 1390–1440 °C. At a lower heating rate separation of 

overlapping thermal effects can occur. Unfortunately, during analysis at lower 

heating rate a higher degree of decarburization of the sample can occur. In the Fe–

C–O system the carbon content gradually decreases, and at the low heating rate 

the Fe–C–O system can change to the Fe–O system. 

Gamma-delta phase transformation took place in the samples 4, 5, 6 

(samples with higher carbon content). Start of this transformation is marked as 

Tγ-δ, S and end of transformation is marked as Tγ-δ, E. 

Peritectic transformation took place in the samples 5, 6. Temperature of 

peritectic phase transformation is marked as TPER. 

Thermal effects of melting were detected in all the samples. Temperatures 

of liquidus TL were obtained. The start of melting temperature (temperature of 

solidus) is marked as TS for the sample 4. 

Comparison with accessible data 

DTA curves of the samples 1, 2, 3 show phase transformation 

corresponding most likely to the Fe–O system. Influence of carbon manifests 
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itself rather in the low temperature region [1]. Experimentally obtained phase 

transformation temperatures for the samples 1, 2 and 3 were compared with the 

equilibrium Fe–O diagram (Fig. 4). Samples 5 and 6 had a low content of oxygen, 

and its influence was manifested in the low temperature region [1]. The samples 5 

and 6 were compared with the equilibrium Fe–C diagram (Fig. 5).  

The sample 4 showed characteristics both of the system Fe–C and the 

system Fe–O, which is why it was compared with both diagrams. 

Figure 4 shows comparison of experimentally obtained temperatures of 

phase transformations of samples 1, 2, 3, 4 with the equilibrium Fe–O diagram. 

The experimentally obtained temperatures are in this diagram plotted in 

dependence on the oxygen content (wt %) in the samples. The experimentally 

obtained phase transformation temperatures are lower in comparison with the Fe–

O diagram. The differences between experimentally obtained temperatures and 

temperatures presented in the Fe–O diagram were of the order of units of °C.  

The biggest temperature difference (8 °C) was observed in the case of 

eutectic transformation. It is possible to find in literature also lower temperatures 

of eutectic transformtion: 1363 °C [9] and 1364 °C [12]. These values are closer 

to the experimentally obtained eutectic transformation temperature.  

The difference between the experimentally obtained temperature of 

catatectic transformation and the temperature presented in the Fe–O equilibrium 

diagram was 5 °C. However, the work [12] gives the temperature of catatectic 

transformation of 1392 °C. This temperature is very close to the experimentally 

obtained temperature of catatectic transformation (difference of 1 °C).  

The difference between the experimentally obtained temperature of 

monotectic transformation and temperature presented in the Fe–O equilibrium 

diagram was at maximum 7 °C. However, the works [9] and [11] give lower 

temperatures of monotectic transformation, namely 1522 °C and 1520 °C, 

respectively. These values are in good agreement with the experimentally 

obtained temperatures. 

Differences between experimentally obtained temperatures and 

temperatures presented in the equilibrium Fe–O diagram were probably caused by 

content of other elements in the samples (Table 2).  

Figure 5 presents a comparison of the experimentally obtained phase 

transformation temperatures of samples 4, 5, 6 with the equilibrium metastable 
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Fe–C diagram. Experimentally obtained temperatures are, in this diagram, plotted 

in dependence on the carbon content (wt %).  

It follows from the comparison that considerable differences exist between 

experimentally obtained temperatures and temperatures presented in the Fe–C 

metastable equilibrium diagram. These differences are probably caused by 

decarburization of the samples during the DTA analysis. The largest 

decarburization probably takes place in the liquid state, but partial decarburization 

probably is already taking place in the solid state [18]. According to the above-

mentioned analysis it is possible to assume that residue of carbon will be within 

the concentration range of 0.08–0.16 wt % of carbon in samples 5 and 6. 

(Temperatures of phase transformations plotted in dependence on the assumed 

content of carbon in the sample after decarburization are marked in the diagram 

by grey marks, Fig 5.) The trend of the obtained temperatures corresponds to the 

presented concentration range. The temperature of the start of gamma-delta 

transformation Tγ-δ,S increases and temperature of the liquidus TL decreases with 

increasing carbon content. It follows from comparison of the experimentally 

obtained temperatures and the temperatures presented in the Fe–C metastable 

equilibrium diagram that experimentally obtained temperatures of liquidus and 

peritectic transformation are lower than the temperature presented in the diagram 

(for the concentration range of 0.08–0.16 wt % of carbon). It was probably caused 

by content of other elements in the samples (Table 2). 

The sample 4 showed characteristics of both Fe–C and Fe–O systems. 

Eutectic phase transformation was not detected in sample 4. Eutectic phase 

transformation showed a very small thermal effect, which could not be detected at 

the higher heating rate (20 °C min
-1

). From the shape of the DTA curve it is 

possible to conclude that two overlapping thermal effects took place in the 

temperature range of 1390–1440 °C. The first thermal effect could probably mark 

catatectic transformation and the second one the gamma-delta transformation. The 

temperature marked as that of solidus TS could also correspond to the temperature 

of monotectic transformation (1528 °C).  

The difficulty of experimental study and interpretation of data obtained for 

Fe–C–O based systems is evident from the presented results. Experiment must be 

performed with respect to the possible change of chemical composition. The 

changes of chemical composition (carbon and oxygen content) can be limited by 
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the setting of experimental conditions (atmosphere, heating/cooling rate, analysis 

time) during high temperature analysis. The literature recommends use of cyclic 

experiments, at sufficiently low heating rate, for obtaining the temperature of 

phase transformation, which are close to the equilibrium temperatures [3, 19]. 

Cyclic experiments must be performed very carefully with respect to possible 

decarburization, and in some cases they cannot possibly used. This issue related to 

the analysis of Fe–C–O based systems will continue to be the subject of future 

research at our working site. 

Conclusions 

Six model alloys with graded carbon and oxygen content were investigated 

by the DTA and Setaram SETSYS 18TM laboratory system. The high temperature 

region (above 1000 °C) of the Fe–C–O system was the investigated area. Phase 

transformation temperatures were obtained. New original data (phase 

transformations temperatures) of the Fe–C–O system in the high temperature 

region were obtained and difficulty of obtaining the transformation temperatures 

in high temperature region for investigated alloys was discussed. 

Eutectic transformation (at 1364 and 1365 °C), catatectic transformation 

(at 1391 °C) and monotectic transformation (at 1521 and 1522 °C) were detected 

in samples 1, 2, 3. Temperatures of liquidus of these samples were in the range of 

1531–1533 °C. 

Catatectic transformation (at 1390 °C) and gamma-delta transformation 

(1401–1411 °C) were observed in the sample 4. Temperature of solidus was 

determined to be 1529 °C and temperature of solidus was 1535 °C. 

Gamma-delta transformation (start of gamma-delta transformation at 

1447 and 1459 °C) and peritectic transformation (at 1490 °C) took place in the 

samples 5, 6. Temperatures of solidus were 1523 and 1519 °C. 

The obtained temperatures were compared with the equilibrium Fe–C 

diagram, and with the equilibrium Fe–O diagram. 

It follows from the literature search that lack of thermo-physical and 

thermo-dynamical data on the Fe–C–O system exists. The Fe–C–O system will 

remain a subject of extensive future research at our working site. 
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Figure captions 

Fig. 1 Fe–C metastable equilibrium diagram 

Fig. 2 Fe–O equilibrium phase diagram 

Fig. 3 DTA curves of the analysed samples a) for the samples 1-3, heating rate 2 °C min
-1

 b) for 

the samples 3-6, heating rate 20 °C min
-1

 

Fig. 4 Comparison of the experimentally obtained temperatures with the equilibrium diagram Fe–

O 

Fig. 5 Comparison of the experimentally obtained temperatures with the metastable equilibrium 

diagram Fe–C 

 

Table captions 

Tab. 1 Temperature of phase transformations of Fe–O system in the high temperature region 

Tab. 2 Chemical composition of analysed samples 

Tab. 3 Experimental phase transformations temperatures for samples 1-3 

Tab. 4 Experimental phase transformations temperatures for samples 4-6 
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Fig. 1 Fe–C metastable equilibrium diagram 

 

Fig. 2 Fe–O equilibrium phase diagram 
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Fig. 3 DTA curves of the analysed samples a) for the samples 1-3, heating rate 

2 °C min
-1

 b) for the samples 3-6, heating rate 20 °C min
-1 
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Fig. 4 Comparison of the experimentally obtained temperatures with the 

equilibrium diagram Fe–O 

 

Fig. 5 Comparison of the experimentally obtained temperatures with the 

metastable equilibrium diagram Fe–C 
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Table 1 Temperature of phase transformations of Fe–O system in the high 

temperature region 

 Experimentally measured temperature/°C  Calculated temperature/°C 

Source [8] [9] [10] [11]  [12] [12] [13] 

TEu 1372 1363 1368 1373  1290 1364 1370 

TCAT 1396 1395 1398 1398  1315 1392 1395 

TMON 1528 1522 1528 1520  1460 1560 1530 

 

Table 2 Chemical composition of analysed samples 

Sample 
Composition/wt% 

C O Mn Si P S Cr Ni V 

Fepl. 0.010 0.110 0.042 0.005 0.002 0.004 0.004 0.015 0.022 

1 0.002 0.043 0.021 0.005 0.004 0.008 0.003 0.026 0.012 

2 0.004 0.088 0.009 0.004 0.004 0.007 0.002 0.023 0.007 

3 0.005 0.038 0.026 0.006 0.004 0.008 0.003 0.024 0.013 

4 0.038 0.002 0.025 0.014 0.004 0.008 0.004 0.026 0.015 

5 0.167 0.0005 0.020 0.007 0.004 0.008 0.003 0.025 0.013 

6 0.197 0.0004 0.022 0.019 0.004 0.008 0.004 0.024 0.017 

 

Table 3 Experimental phase transformations temperatures for samples 1-3 

Sample 
Temperature/°C 

TEu TCAT TMON TL 

1 1364 1391 1522 1533 

2 1364 1391 1521 1531 

3 1365 1391 1521 1532 

 

Table 4 Experimental phase transformations temperatures for samples 4-6 

Sample 
Temperature/°C 

TCAT Tγ→δ, S Tγ→δ, E TPER TS TL 

4 1390 1401 1411  1529 1535 

5  1447  1490  1523 

6  1459  1490  1519 
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