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Study on high temperature 
solidification behavior and crack 
sensitivity of Fe-Mn-C-Al TWIP steel
Changling Zhuang1, Jianhua Liu2, Changrong Li1* & Daowen Tang1

Fe-Mn-C-Al alloy is a new steel grade of TWIP steel developed in recent years. It has an excellent 
combination of elongation and tensile strength, as well as good anti-delayed fracture property. 
However, the crack sensitivity of this new TWIP steel has not been reported yet. In this study, 
differential thermal analysis (DTA) method was used, combined with professional thermodynamic 
software ThermoCalc to analyze the solidification behavior for Fe-Mn-C-Al alloys with different 
chemical compositions. Based on this, the crack sensitivity of TWIP steel is further determined. Through 
this study, it was found that Fe-Mn-C-Al TWIP steel may have a solidification sequence with high crack 
sensitivity, belonging to hypo-peritectic steel. Moreover, it was found that the carbon content has a 
large influence on the solidification behavior, and the manganese content also affects the solidification 
sequence. It can make the phase transition sequence of the solidification process change significantly, 
which may avoid the solidification behavior of hypo-peritectic reaction. The analysis results by 
thermodynamic software ThermoCalc are in good agreement with the experimental results. It displays 
thermoCalc can be a cost-effective way to develop Fe-Mn-C-Al TWIP steel. It is of great significance for 
shortening the development period of new Fe-Mn-C-Al steel grades.

Twinning-induced plasticity (TWIP) steel has shown both high strength and high plasticity. It is regarded as an 
ideal automotive structural material and exhibits a broad application prospect1–4. In recent years, the research on 
the composition and properties of TWIP steel has entered a new stage. From the initial low-carbon Fe-Mn-Si-Al 
TWIP steel, it developed to Fe-Mn-C TWIP steel, and then to the latest Fe-Mn-C-Al TWIP steel. The develop-
ment of TWIP steel with an excellent combination of elongation and tensile strength has become a hot topic5–10. 
At present, research mainly focuses on the structure and properties of TWIP steel11–13. But the study on the solid-
ification process and crack sensitivity is rare, especially for the latest Fe-Mn-C-Al TWIP steel; its solidification 
mode under high-temperature process has not been reported14,15. Due to the composition design of the new 
TWIP steel, this alloy may be in the range of hypo-peritectic reaction, which may undergo a peritectic transfor-
mation and prone to cause cracks and defects; this type of steel with high crack susceptibility can be classified into 
hypo-peritectic steel.

The hypo-peritectic steel with specific transformation sequence during solidification is responsible for pits, 
cracks and other defects, resulting in more defect appearances in production16–18. In the Fe-C equilibrium phase 
diagram, hypo-peritectic steel has a carbon content of 0.09 to 0.17%. Since the actual steel contains many ele-
ments, the peritectic point will change, and the determination of the hypo-peritectic steel becomes difficult19.

At present, carbon equivalent method is a widely used method for determining hypo-peritectic steel. It simply 
adds the influence value of each constituent element and converts the element content into carbon equivalent 
Cp20,21. If the value of Cp is between 0.09 and 0.17%, the steel is considered to be hypo-peritectic steel. The limi-
tation of this approach is lack consideration of the interaction between component elements. It has a small scope 
of application, and may not be suitable for high alloy steel. Many researchers, like Xia et al.21, Kagawa22, Yamada23, 
and Blazek24, predicted the range of hypo-peritectic by calculation of the concentration and temperature of the 
critical point. Xia et al. gave the equivalent carbon content for peritectic point in Eq. (1)21.
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Cp [%C] 0 02[%Mn] 0 037[%Si]
0 023[%Ni] 0 0189[%Mo]
0 7[%S] 0 0414[%P] 0 003[%Cu]
0 0254[%Cr] 0 0276[%Ti] 0 7[%N] (1)

This approach considers the influence of constituent elements on the critical point. But its limitations on steel 
grades are obvious and can only be applied in a limited concentration range.

Professional thermodynamic software, such as ThermoCalc or Factsage, can also be used to predict the solid-
ification process of steel, which is based on a powerful thermodynamic database25. This approach can obtain 
satisfactory results for common steel grade, but for a new steel grade, the use of this method might result in 
unrealistic value. In contrast, the experimental method can accurately determine the high temperature phase 
transformations of the target steel. Presoly26 has used differential scanning calorimeter (DSC) combined with 
high-temperature laser scanning confocal microscope to successfully analyze the hypo-peritectic steel and 
obtained good results. Presoly pointed out that one DSC measurement was enough to confirm the phase trans-
formation characteristics and determine whether it belonged to hypo-peritectic steel. But this method has higher 
requirements for a laboratory technician.

In this study, differential thermal analysis (DTA) experiments combined with the thermodynamic software 
ThermoCalc were performed to analyze TWIP steel with different chemical compositions, and to determine the 
solidification behavior at high temperatures. Finally, it is analyzed whether the TWIP steel with different compo-
sitions belongs to the critical range with high crack sensitivity. The results show that the solidification behavior of 
Fe-Mn-C-Al TWIP steel may be hypo-peritectic steel. This solidification mode can easily lead to cracks or other 
defects. The analysis results of the thermodynamic software ThermoCalc are in good agreement with the exper-
imental results. The thermodynamic software ThermoCalc can be used to make a better prediction in the devel-
opment of this type of steel, which is of great significance for shortening the development cycle of steel grade.

Experimental Materials and Methods
Experimental materials.  Three different Fe-Mn-C-Al TWIP steels were prepared by vacuum smelting fur-
nace. The chemical composition as shown in Table 1. The samples with the dimension of 50 mm*30 mm*20 mm 
were obtained from smelting ingot. Then the samples were further cut into 100 mg weight standard DTA samples, 
which were prepared for experiments after polishing.

Thermal analysis methods.  The differential thermal analysis (DTA) method measures all characteristic 
temperature during thermal reaction associated with an endothermic or exothermic effect. It is a good approach 
to analyze physical and chemical reactions such as phase transformation, decomposition, combination and solid-
ification27. In this study, DTA was used to study the phase transition and solidification modes of three TWIP steels 
at high temperature. A 3.0 mm × 2.2 mm × 2 mm sample was used for the experiment and the whole experimental 
process was performed under argon protection with a purity of 99.9999%, wherein the argon flow rate was 70 cm 
−3 min −1.

At the beginning of the experiment, it is heated to the predetermined maximum temperature at a speed of 20 
to 30 K/min. The maximum temperature is generally about 40 to 60 K higher than the liquidus temperature. After 
that let it cool down, and then reheat it again to the maximum temperature with a certain heating rate, which can 
be 5 K/min, 7.5 K/min, and 10 K/min. The phase transformation temperature of the TWIP steel is determined 
during the heating process.

In addition, for the sake of the accuracy, experiments were carried out in the same experimental environment, 
including the placement position, the number of evacuation times, the degassing film, the heating schedule, etc.; 
the DTA instrument was calibrated with high purity cobalt. The melting point of cobalt measured twice by the 
DTA experiments is 1767.95 K, which is almost the same as the reported melting point of 1768.15 K (1495.0 °C)28. 
Therefore, the accuracy of experimental measurement for phase transition temperature can be guaranteed.

CALPHAD Method - ThermoCalc.  The commercial software ThermoCalc is widely used in the calculation 
of phase diagrams (CALPHAD), and this CALPHAD approach is based on previously measured alloy data. It 
can calculate thermodynamic properties or phase equilibria, and also can draw phase diagrams by adopting rele-
vant calculation modules29–31. The TCFE6 Database includes many critical assessments on thermodynamic data 
for multi-component systems, it is applicable for various types of steels/Fe-alloys. In this research, ThermoCalc 
in combination with the FCFE6 database was used to calculate the solidification process of TWIP steels with 
different chemical composition, predict the temperature of the phase transition point, and analyze the possible 
solidification sequence.

Sample C Mn Al Si P Fe

TWIP A 0.13 26.3 3.42 0.03 0.004 Bal.

TWIP B 0.49 26.8 3.78 0.03 0.005 Bal.

TWIP C 0.34 21 3.34 0.03 0.005 Bal.

Table 1.  Composition of TWIP steels in the experiments, wt%.
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Results and Discussion
Thermal analysis experiment results.  In this study, TWIP steel samples with different chemical compo-
sitions, TWIP A, TWIP B, and TWIP C were prepared for differential thermal analysis. The enthalpy change of 
each sample under high temperature was recorded at a heating rate of 5 K/min, 7.5 K/min, and 10 K/min respec-
tively, thus the temperature of the phase transition point at high temperature was obtained. Therefore, the solidi-
fication behavior of the sample during high temperature was determined. The experimental results were analyzed 
by NETZSCH Proteus software.

Differential thermal analysis experiments were carried out on TWIP A samples at three different heating 
rates of 5 K/min, 7.5 K/min and 10 K/min. The result was shown in Fig. 1.It can be seen from the Fig. 1 that the 
DTA curves of the three experiments have a similar pattern, and crucial phase transformation points from DTA 
experiments with different heating rates have a close relationship to each other. As the heating rate increases, the 
DTA signal peak moves backward and the peak temperature increases. The liquidus temperature of the sample 
also increases with the increment of heating rate. Further analysis revealed that the phase transition temperature 
above the solidus temperature shows a completely linear relationship at different heating rates. If the heating 
rate is reduced to zero, it will become the equilibrium phase transition temperature; this can eliminate the error 
caused by the heating rate. Therefore, in order to make the research results more accurate, all the phase transition 
analysis results will take the equilibrium temperature in this study.

As we can see from Fig. 1, there are many signal peaks in the DTA curve of the TWIP A sample; it means that 
enthalpy changes associated with complex phase transitions occur in this process. There are four critical transition 
temperatures in the DTA curve. At the beginning, the baseline is very flat. The first deviation from the baseline is 
found at 1641.45 K (it is an equilibrium temperature, Tequ), which indicates austenite to δ-ferrite transformation 
starts at 1641.45 K. Then a sharp DTA peak appears at 1666.15 K, and reaching the peak value at 1673.05 K. The 
onset temperature of the peak is the peritectic phase transition temperature (TPerit), and peak temperature (TPerit 

end) can be associated with the end of transformation δ + γ → L + δ. It can be found that the solidus temperature 
is accompanied by the enthalpy change, the peak of the DTA curve illustrates this phenomenon. Subsequently, 
the residual δ-ferrites continuously changes into a liquid phase, and finally, all of them become liquid phase. 
Therefore, the solidification pattern for the whole process is L → L + δ → L + δ + γ → γ + δ → γ.

Figure 2 shows there are four crucial transition points in DTA curve of TWIP B sample, and in the solid phase 
no austenite to δ-ferrite transformation took place. The deviation from the baseline at 1623.75 K means that the 
liquid phase begins to appear. When heating up to 1665.15 K, a sharp peak appears in the curve, and the austenite 
to δ-ferrite phase transformation occurs. At 1666.65 K, peak temperature phase transition is completed, only leav-
ing δ-ferrite phase coexisting with the liquid phase. As the temperature increases, the δ phase gradually decreases. 
After 1679.05 K, all phases become liquid phase. Therefore, the solidification mode of this process is L → L + δ → 
L + δ + γ → L + γ → γ.

As in Fig. 3, The DTA curve of TWIP C presented in Fig. 3 has a similar shape to that of TWIP B, yet details 
are different. When the temperature is heated to 1656.75 K, the DTA curve deviates greatly from the baseline 
and starts the γ → L + γ phase transition. A sharp peak begins at 1682.25 K, and it indicates peritectic reaction 
L + γ → L + δ occurs at this onset temperature. When it reaches the peak temperature 1685.45 K, the peritectic 
transition is completed and only δ ferrite and liquid left. If the temperature continues to rise above 1685.45 K, 
the δ ferrite in the steel decreases and the liquid phase increases, until all of them become liquid phases. This is a 
solidification pattern of L → L + δ → L + δ + γ → γ + L → γ.

Crack sensitivity.  In the Fe-C equilibrium phase diagram, characteristic point Ca1, Cb1 and Cc1 can divide 
the Fe-C phase diagram into four distinct carbon ranges. Range I is the left region of Ca1, range II is between Ca1 
and Cb1, range III is between Cb1 and CC1, and range IV is the right side of CC1. In the pure Fe-C phase diagram, 
characteristic points Ca1 and Cb1 are in the positions of 0.09% and 0.17% carbon content respectively. However, 
general steel is multi-alloyed. These alloy elements can significantly affect the phase diagram and the positions 

Figure 1.  DTA experimental results for TWIP A.
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of Ca1 and Cb1 points; it easily leads to the formation of an L + δ + γ ternary phase coexistence region18. This is 
different from the pure Fe-C phase diagram. The positions of characteristic points will become extremely hard to 
predict. In Fig. 4, it is clear to see that three characteristic points Ca1, Cb1, and Cc1 in the pure Fe-C phase diagram 
have been shifted to the positions of Ca2, Cb2, and Cc2. Moreover, a ternary phase coexistence region can be seen.

When the chemical composition is between Ca1 and Cc1 (or between Ca2 and Cc2), including range II and 
range III, the peritectic reaction will occur during solidification, and the steel is called peritectic steel. If the 
chemical composition of the steel is in the range II (between Ca1 and Cb1, or between Ca2 and Cb2), it is defined as 
hypo-peritectic steel.

The composition of hypo-peritectic steel is within range II, and the peritectic reaction occurs during solidifi-
cation. The solidification sequence is δ δ γ γ→ + → + →L L . The mechanism of the peritectic solidification 
process is shown in Fig. 5. As the temperature decreases and the solidification process continues, the δ phase 
exists in the liquid phase, and then the γ phase begins to appear. The primary γ phase grows along the δ / L inter-
face. When the γ phase can separate the δ phase and the liquid phase to a certain extent, the γ phase not only 
grows rapidly with the dissolution of δ phase by the longrange solid phase diffusion, but also grows along the 
solid/liquid interface γ/L, or even can nucleate and grow directly in the liquid phase. Finally, the whole process of 
the peritectic transformation is completed.

The peritectic phase transformation of Feδ−  change into γ−Fe is accompanied with final solidification process 
and end in the solid phase. At this stage, the high-temperature properties of the steel are very fragile. The shrink-
age and thermal stress caused by the phase transformation can easily lead to defects such as hot cracks. Therefore, 
it is necessary to determine whether a new steel grade is within critical rangII. After solidification modes of the 
three different compositions TWIP steel were obtained from the DTA experiment, the solidification behavior of 
the TWIP steel can be analyzed to determine the crack sensitivity.

Figure 2.  DTA experimental results for TWIP B.

Figure 3.  DTA experimental results for TWIP C.
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TWIP steel solidification mode and crack sensitivity.  Table 2 lists the critical phase transition tempera-
tures and solidification mode of TWIP steel with three chemical compositions of TWIP A, TWIP B and TWIP C.

There is a corresponding relationship between the solidification sequence of steel grade and the range area of 
the phase diagram. As can be seen from Table 2, it is known that TWIP A is in range II (between Ca2 and Cb2). 
The temperature range of peritectic reaction L + δ → γ is between 1673.05K and 1666.15K; δ → γ phase transi-
tion occurs during the time that the liquid phase has just disappeared. At 1641.45 K temperature, all the δ phase 
changes into γ phase. It can be identified as hypo-peritectic steel. When this type of TWIP steel is produced, 
the probability of occurrence of defects and cracks increases significantly. Great attention should be paid to the 
adjustment of production techniques to avoid serious production losses.

TWIP B belongs to range III (between Cb2 and Cc2) during solidification; there is always a liquid phase in the 
phase transition from δ phase to γ phase at 1666.65 K. The liquid phase can promptly fill voids caused by solidi-
fication shrinkage and is not prone to cracks. TWIP B and TWIP A have the analogous content of Mn, Si and Al 
elements, but different carbon content. It indicates that the carbon content has great influence on the solidifica-
tion behavior and makes the solidification process change from range II to range III. At 1685.45 K, TWIP C has 
δ → γ phase transformation, and this process also has a liquid phase. It is also in range III during the solidifica-
tion process. TWIP C has different carbon and manganese contents with TWIP A and TWIP B, but also has the 

Figure 4.  Pseudobinary Fe-C equilibrium phase diagram.

Figure 5.  Mechanism of peritectic solidification26,32.

https://doi.org/10.1038/s41598-019-52381-5


6Scientific Reports |         (2019) 9:15962  | https://doi.org/10.1038/s41598-019-52381-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

same solidification sequence with TWIP B (range III). It suggests that both carbon and manganese have an effect 
on the solidification mode, which makes it difficult to determine the solidification behavior. If the composition 
is not suitable, it may be in range II with strong crack sensitivity. Therefore, it is essential to analyze solidification 
mode during composition design of new TWIP steel grades. The difficulty of production should also be taken 
into account in the design of components. Otherwise, the crack sensitivity of steel may be very high.

Phase Diagram Thermodynamic Prediction Comparison.  Thermodynamics software ThermoCalc is 
employed to predict phase transformation modes of TWIP A, TWIP B and TWIP C. In Table 3, critical phase 
transition temperatures predicted by ThermoCalc are evaluated by direct comparison with that measured from 
DTA results.

The thermodynamic software ThermoCalc predicts that the solidification mode of TWIP A is 
δ δ γ δ γ γ→ + → + + → + →L L L ; the solidification behavior is in range II. It is precisely the solidifica-

tion behavior of hypo-peritectic with high crack sensitivity, which is completely consistent with the results of 
DTA experiment.

For the specific characteristic points, the maximum difference between the predicted values and measured 
data of the four crucial characteristic points is 22.8 K, and the minimum difference is only 8 K. The prediction of 
TWIP B and TWIP C shows that both of them have the same solidification modes (range III).

The maximum difference between the predicted value and the measured result of TWIP C samples is 23.20 K. 
The result of predicting liquidus temperature is the most accurate. The minimum difference between predicted 
and measured values of TWIP B and TWIP C samples is 10.3 K and 5.7 K respectively. In general, the solidifica-
tion behavior of Fe-Mn-C-Al TWIP steel can be predicted well by using thermodynamic software ThermoCalc. 
Compared with the experimental data, the predicted value by ThermoCalc is acceptable. The thermodynamic 
software ThermoCalc is proving to be particularly instructive for the development of Fe-Mn-C-Al TWIP steel.

Conclusion
(1) TWIP steels with different chemical compositions were analyzed by differential thermal experiments. The 
solidification behavior of Fe-Mn-C-Al TWIP steel may be within the range II, and belong to hypo-peritectic 
steels. The δ → γ phase transition occurs during the time that the liquid phase has just changed into a fragile initial 
solid phase. This solidification mode can easily lead to cracks or other defects. In the production of this type of 
TWIP steel, the probability of occurrence of defects and cracks is greatly increased, and attention should be paid 
to the adjustment of production techniques to avoid production losses.

(2) By comparing TWIP steels with three different chemical compositions, it is found that TWIP A is a 
hypo-peritectic steel with high crack sensitivity, and in range II. But the solidification behavior of TWIP B and 
TWIP C is range III, and the crack sensitivity is low. TWIP B and TWIP A have a similar concentration of Mn, Si 
and Al elements, but different carbon content. It indicates that the carbon content has a great effect on the solid-
ification behavior and makes the solidification process change from range II to range III. TWIP C has different 
carbon and manganese contents with TWIP A and TWIP B, but also has the same solidification sequence with 

Sample TWIP A TWIP B TWIP C

Phase transition temperatures Between Ca2 and Cb2 Range II Between Cb2 and Cc2 Range III Between Cb2 and Cc2 Range III

TLiquid (L → L + γ) — — —

TLiquid (L → L + δ) 1700.95 1679.05 1706.65

TPerit-end (L + δ → L + δ + γ) 1673.05 1666.65 1685.45

TPerit-start (L + δ + γ → L + γ) — 1665.15 1682.25

TPerit-start (L + δ + γ → γ + δ) 1666.15 — —

TSolid (L + γ → γ) — 1623.75 1656.75

Tγ→δ (γ + δ → γ) 1641.45 — —

Table 2.  Phase transition temperatures and solidification mode, K.

Sample Compari-son
Solidificat-ion 
mode

Tγ→δ TSolid TPerit start TPerit start TPerit end TLiquid

(γ → γ + δ) (γ → L + γ) (δ + γ → L + δ + γ) (L + γ → L + δ + γ) (L + δ + γ → L + δ) (L + δ → L)

TWIP A

Predicted Range II 1625.4 — 1643.85 — 1650.3 1693.0

Measured Range II 1641.45 — 1666.15 — 1673.05 1700.95

Difference Same 16.10 — 22.30 — 22.80 8.00

TWIP B

Predicted Range III — 1597.55 — 1636.25 1641.35 1668.75

Measured Range III — 1623.75 — 1665.15 1666.65 1679.05

Difference Same — 26.20 — 28.90 25.30 10.30

TWIP C

Predicted Range III — 1635.2 — 1659.1 1665.4 1701.0

Measured Range III — 1656.75 — 1682.25 1685.45 1706.65

Difference Same — 21.60 — 23.20 20.10 5.70

Table 3.  Comparison of predicted and measured phase transition temperatures, K.
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TWIP B (range III). It suggests that both C and Mn have an effect on the solidification mode, which makes it dif-
ficult to determine the solidification behavior. If the composition is not suitable, it may be in range II with strong 
crack sensitivity. Therefore, it is essential to analyze solidification mode during the composition design of new 
TWIP steel grades, otherwise the crack sensitivity of steel may be very high.

(3) The comparison between the thermodynamic software ThermoCalc and the DTA experiment shows that 
the prediction results of the solidification mode of the Fe-Mn-C-Al TWIP steel by ThermoCalc are in agreement 
with that of DTA experimental results. With respect to the prediction of transformation temperature, the differ-
ence between the predicted temperature and the experimental results is small, and the maximum error is less than 
2%. The thermodynamic software ThermoCalc is proving to be particularly instructive for the development of 
Fe-Mn-C-Al TWIP steel.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary 
Information files).

Received: 9 January 2019; Accepted: 9 October 2019;
Published: xx xx xxxx

References
	 1.	 Grässel, O., KrÜger, L., Frommeyer, G. & Meyer, L. W. High Strength Fe–Mn–(Al, Si) TRIP/TWIP Steels Development Properties 

Application. Int. J. Plasticity. 16, 1391–1409 (2000).
	 2.	 Jo, S. Y. et al. Relationship Between Grain Size and Ductile-To-Brittle Transition at Room Temperature in Fe-18Mn-0.6C-1.5Si 

Twinning-Induced Plasticity Steel. J. Alloy. Compd. 627, 374–382 (2015).
	 3.	 Frommeyer, G., Brüx, U. & Neumann, P. Supra-Ductile and High-Strength Manganese-TRIPTWIP Steels for High Energy 

Absorption Purposes. ISIJ Int. 43, 438–446 (2003).
	 4.	 De Cooman, B. C., Estrin, Y. & Kim, S. K. Twinning-Induced Plasticity (TWIP) Steels. Acta Mater. 142, 283–362 (2018).
	 5.	 Yang, Y. G., Mi, Z. L., Li, H., Xu, M. & Jiang, R. T. Effects of Shear Strain on Orientation Gradients, the Instability of Austenite 

Diffraction Peak, and Microstructure in Twinning-Induced Plasticity (TWIP) Steels. Steel Res. Int. 89, 1700273 (2017).
	 6.	 Park, I., Lee, S., Kang, M., Lee, S. & Lee, Y. Pitting Corrosion Behavior in Advanced High Strength Steels. J. Alloy. Compd. 619, 

205–210 (2015).
	 7.	 Lee, S., Han, J., Lee, C., Park, I. & Lee, Y. Elastic Strain Energy Induced by Epsilon Martensitic Transformation and its Contribution 

to the Stacking-Fault Energy of Austenite in Fe-15Mn-xC Alloys. J. Alloy. Compd. 617, 588–596 (2014).
	 8.	 Jin, J. E. & Lee, Y. K. Effects of Al On Microstructure and Tensile Properties of C-bearing High Mn TWIP Steel. Acta Mater. 60, 

1680–1688 (2012).
	 9.	 Lan, P., Tang, H. & Zhang, J. Solidification Microstructure, Segregation, and Shrinkage of Fe-Mn-C Twinning-Induced Plasticity 

Steel by Simulation and Experiment. Metall. Mater. Trans. A. 47, 2964–2984 (2016).
	10.	 Lan, P. & Zhang, J. T. Properties and Solidification Defects of Fe–22Mn–0.7C TWIP Steel. Steel Res. Int. 87, 250–261 (2016).
	11.	 Chen, J., Dong, F., Jiang, H., Liu, Z. & Wang, G. Influence of Final Rolling Temperature On Microstructure and Mechanical 

Properties in a Hot-Rolled TWIP Steel for Cryogenic Application. MAT SCI ENG A-STRUCT. 724, 330–334 (2018).
	12.	 Madivala, M. et al. Temperature Dependent Strain Hardening and Fracture Behavior of TWIP Steel. Int. J. Plasticity. 104, 80–103 (2018).
	13.	 Xu, M., Mi, Z., Li, H., Tang, D. & Jiang, H. Deformation Mechanism Transition in Fe-17Mn-0.4C-0.06V TWIP Steel with Different 

Strain Rates. Mater. Sci. Tech.-Lond. 34, 242–251 (2018).
	14.	 Peng, C. T., Callaghan, M. D. & Li, H. Post‐Deformation Microstructure and Texture Characterization of Fe-18Mn-0.6C-1.5Al 

TWIP Steel. Steel Res. Int. 86, 1461–1468 (2015).
	15.	 Dobrzański, L. A., Borek, W. & Mazurkiewicz, J. Influence of High Strain Rates On the Structure and Mechanical Properties of High-

Manganes Austenitic TWIP‐Type Steel. Materialwiss. Werkst. 47, 428–435 (2016).
	16.	 Grill, A. & Brimacombe, J. K. Influence of C Content on Rate of Heat Extraction in the Mould of a Continuous-Casting Machine. 

Ironmaking Steelmaking. 3, 76–79 (1976).
	17.	 Maehara, Y., Yasumoto, K., Tomono, H., Nagamichi, T. & Ohmori, Y. Surface Cracking Mechanism of Continuously Cast Low 

Carbon Low Alloy Steel Slabs. Mater. Sci. Tech.-Lond. 6, 793–806 (1990).
	18.	 Presoly, P. & Xia, G. Continuous Casting of Hypo-Peritectic Steels: Mould Thermal Monitoring and DSC-analysis. BHM Berg-und 

Hüttenmännische Monatshefte. 159, 430–437 (2014).
	19.	 Xia, G., Bernhard, C., Ilie, S. & Fuerst, C. A Study About the Influence of Carbon Content in the Steel On the Casting Behavior. Steel 

Res. Int. 82, 230–236 (2011).
	20.	 Howe, A. A. Development of a Computer Model of Dendritic Microsegregation for Use with Multicomponent Steels. Applied 

Scientific Research. 44, 51–59 (1987).
	21.	 Xia, G. et al. Investigation of Mould Thermal Behaviour by Means of Mould Instrumentation. Ironmak. Steelmak. 31, 364–370 (2004).
	22.	 Kagawa, A. & Okamoto, T. Influence of Alloying Elements On Temperature and Composition for Peritectic Reaction in Plain Carbon 

Steels. Mater. Sci. Tech.-Lond. 2, 997–1008 (1986).
	23.	 Yamada, H., Sakural, T. & Takenouchi, T. Effect of Alloying Elements on the Peritectic Temperature in Low-Alloy Steels. Tetsu-to-

Hagane. 76, 438–445 (1990).
	24.	 Blazek, K. E., Lanzi, O., Gano, P. L. & Kellogg, D. L. Calculation of the Peritectic Range for Steel Alloys. Iron and steel technology. 5, 

80 (2008).
	25.	 Chin, K., Lee, H., Kwak, J., Kang, J. & Lee, B. Thermodynamic Calculation On the Stability of (Fe, Mn) 3AlC Carbide in High 

Aluminum Steels. J. Alloy. Compd. 505, 217–223 (2010).
	26.	 Presoly, P., Pierer, R. & Bernhard, C. Identification of Defect Prone Peritectic Steel Grades by Analyzing High-Temperature Phase 

Transformations. Metall. Mater. Trans. A. 44, 5377–5388 (2013).
	27.	 Boettinger, W. J. & Kattner, U. R. On Differential Thermal Analyzer Curves for the Melting and Freezing of Alloys. Metall. Mater. 

Trans. A. 33, 1779–1794 (2002).
	28.	 Fox, P., Pogson, S., Sutcliffe, C. J. & Jones, E. Interface Interactions Between Porous Titanium/Tantalum Coatings, Produced by 

Selective Laser Melting (SLM), On a Cobalt–Chromium Alloy. Surface and Coatings Technology. 202, 5001–5007 (2008).
	29.	 Andersson, J., Helander, T., Höglund, L., Shi, P. & Sundman, B. Thermo-Calc & DICTRA, Computational Tools for Materials 

Science. Calphad. 26, 273–312 (2002).
	30.	 Wang, H. & Hsieh, P. Establishment of Heat Treatment Process for Modified 440A Martensitic Stainless Steel Using Differential 

Scanning Calorimetry and Thermo-Calc Calculation. Metals. 6, 4 (2015).
	31.	 Chen, H. & Barman, T. Thermo-Calc and DICTRA Modelling of the Β-Phase Depletion Behaviour in CoNiCrAlY Coating Alloys 

at Different Al Contents. Comp. Mater. Sci. 147, 103–114 (2018).
	32.	 Stefanescu, D. M. Microstructure Evolution During the Solidification of Steel. ISIJ Int. 46, 786–794 (2006).

https://doi.org/10.1038/s41598-019-52381-5


8Scientific Reports |         (2019) 9:15962  | https://doi.org/10.1038/s41598-019-52381-5

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
This work was supported by National Natural Science Foundation of China (No. 51704083), Science and 
Technology Program of Guizhou Province ([2017]5788, [2018]1026 and[2019]1115), Education Department 
Foundation of Guizhou Province (No.[2017]118), and Research Foundation for Talents of Guizhou University 
(No. 201628). The authors are deeply indebted to Prof. Christian Bernhard, Dr. Peter Presoly from the Chair of 
Ferrous Metallurgy, Montanuniversitat Leoben, for their support of the research.

Author contributions
Changling Zhuang and Jianhua Liu designed the experiments; Changrong Li and Daowen Tang contributed result 
analysis; Changling Zhuang performed the experiments and wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-52381-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Study on high temperature solidification behavior and crack sensitivity of Fe-Mn-C-Al TWIP steel

	Experimental Materials and Methods

	Experimental materials. 
	Thermal analysis methods. 
	CALPHAD Method - ThermoCalc. 

	Results and Discussion

	Thermal analysis experiment results. 
	Crack sensitivity. 
	TWIP steel solidification mode and crack sensitivity. 
	Phase Diagram Thermodynamic Prediction Comparison. 

	Conclusion

	Acknowledgements

	Figure 1 DTA experimental results for TWIP A.
	﻿Figure 2 DTA experimental results for TWIP B.
	Figure 3 DTA experimental results for TWIP C.
	Figure 4 Pseudobinary Fe-C equilibrium phase diagram.
	Figure 5 Mechanism of peritectic solidification26,32.
	Table 1 Composition of TWIP steels in the experiments, wt%.
	Table 2 Phase transition temperatures and solidification mode, K.
	Table 3 Comparison of predicted and measured phase transition temperatures, K.




