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Abstrcat 

The effect of Al content on the hot deformation behavior of high-Mn low density Fe-Mn-Al-C 

steels was investigated by the 3D processing map at the temperatures of 850-1050 °C and the strain 

rates of 0.001-10s-1. The high-Al steel showed a higher flow stress and a greater activation energy 

(443 kJ/mol) in contrast to the low-Al steel (394 kJ/mol). The microstructures of 8Al steel and 10Al 

steel depends on the deformation parameters. The initial hot rolling microstructure has been displaced 

by the recrystallized structure and substructures for both steels, while the unstable zone has 

deformation bands and flow localization. As the Z content increases with increasing Al content, this 

leads to a significant inhibition of the DRX process, resulting in an unstable domain with deformation 

zones and flow localization. For high-Al steel, the morphology and distribution of ferrite transform 

from the continuous band ferrite to discontinuous granular ferrite, moreover, the flow localization 

features cannot be observed with the decrease of strain rate to 0.001s-1. Furthermore, the proportion 

of instability region for each of the strains increases with the increasing of the Al content, the high Al 

content weakens the workability of the Fe-Mn-Al-C steels.  
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1. Introduction 

The development of advanced high strength steels with low density has been a hot topic in the 
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automotive industry. Recently, High Mn Fe-Mn-Al-C steels have received substantial attention as a 

type of advanced high strength steel due to their wonderful ductility and superb strength, for instance 

twinning induced plasticity (TWIP) steel[1]. Despite the recent great progress reviewed in TWIP 

steels, another type of high Mn and high Al steels has been intensively investigated owing to 

exceptional advantages such as the specific weight reduction. In previous work, the mechanical 

properties of Fe-(20-28)Mn-(6-12)Al-(0.6-1.2)C (wt.%) alloys were described to be same as TWIP 

steels [2-5]. The optimization of the chemical constituents [6, 7] and the heat treatment parameters in 

this high Mn low density Fe–Mn–Al–C steels have been intensively investigated [8-11]. In most 

studies of high Mn low density Fe–Mn–Al–C steels, hot deformation behavior has been emphasized 

with attention being given to forming operations such as forging, extrusion or rolling. It is necessary 

to explore the hot deformation behavior of these steels because the thermomechanical processing is 

an important part of steel production [12]. Recently, several excellent reviews have described the hot 

deformation behavior of high Mn (>12, wt.%) Fe–Mn–Al–C steels. For example, Mohamadizadeh et 

al. have illustrated that the effects of deformation parameters on the activation energy evolution of 

Fe–18Mn–8Al–0.8C steel. Hamada et al. investigated hot deformation behavior of Fe–20Mn–1.5Al–

0.8C steel by the physically based modeling[13-15]. As we know, Al is the major alloying elements 

of the present alloy, and Al plays a significant role on the ferrite stabilizer. However, it should be 

noted that very little work has been carried out on the influence of Al content on the hot deformation 

behavior of these steels. Therefore, it is essential to examine the effect of Al content on the flow 

behavior and microstructure evolution of low density Fe-Mn-Al-C steels.   

It is commonly known that the processing map is a useful technique to investigate the flow stress 

and optimize the hot processing parameters[16-21]. Although the conventional 2D plots can exhibit 
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instability zones and efficiency contours at different hot working parameters, unable to reveal the 

influence of strain in one visual representation[15, 22]. Therefore, the 3D processing map is 

established to reflect the effect of strain at various thermomechanical conditions[15], which can reveal 

the relevance between microstructural evolution and processing map. 

In this paper, the effect of Al on the high-temperature flow behavior of Fe-Mn-Al-C steels was 

revealed. The relevance between the microstructural evolution and flow behavior was established. 

The optimum processing parameters of Fe-Mn-Al-C steel are determined in a 3D processing map.  

2. Materials and Methods  

Fe-26Mn-8/10Al-1C (wt.%) steels, are hereafter appointed 8Al and 10Al steels, respectively. 

These steels were melted in an argon gas induction furnace. First of all, these steels were homogenized 

at 1200 oC for 2h, then the ingot was hot rolled into 20mm thinkness, and the final rolling temperature 

was also controlled to 950 oC. The phase diagram for 8Al and 10Al steels is shown in Figure 1. As 

seen from this figure, the 8Al steel presents single austenite phase in temperature range of 800-

1300 °C, which may be result from the high content of C and Mn. The ferrite starts to form at about 

800°C with increasing Al content in temperature range of 800-1300 °C. The microstructure in the 

hot-rolled condition is given in Figure 2, the hot-rolled microstructure of 8Al is composed of a single 

austenite, while the 10Al steel which consists of a small amount of strip-like ferrite in austenitic 

matrix. This indicates a good agreement between the microstructure observed and calculated phase 

composition. The hot compression tests were carried out on a Gleeble-3800 thermomechanical 

simulator at temperatures of 850-1150°C and strain rates of 0.001-10s-1. The specimens for 

compression tests were prepared with a 10mm diameter and 15mm height. In order to obtain uniform 

samples, the specimens were heated to 1000 °C and held for 1800s followed by cooling at a rate of 
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10 °C/s to the deformation temperature. All specimens were deformed to a strain of 0.6 and quenched 

immediately in water. The hot compressed specimens were cut parallel to the compression axis. All 

specimens were polished and then etched in 4% nital solution for microstructure obtained using Leica 

microscope.  

 

Figure.1 Equilibrium phase diagram: (a) 8Al, (b) 10Al. 

 

Figure.2 The hot-rolled microstructures: (a) 8Al, (b) 10Al. 

3. Results and Discussion 

3.1. The effect of Al on the flow behavior for Fe-Mn-Al-C steels  

The flow curves of 8Al and 10Al steels deformed at temperatures of 850-1150 °C and strain 

rates of 0.001-10 s-1 are presented in Figures 3 and 4, respectively. When deformation temperature is 

constant, flow stress increases with increasing strain rate. In contrast, the flow stress decreases with 

the increase of deformation temperature at a certain strain rate, which confirms that the present steel 

is impressible to the hot deformation parameters. This phenomenon is due to the increase of atomic 
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activation energy and the reduction of critical shear stress with increasing the temperature. In addition, 

the obstacles of dislocation slip are reduced at high temperature[23]. At deformation temperature of 

850oC for high strain rate of 8Al (Figure 3a), a slight flow softening is observed. This tendency of 

flow softening is also exhibited at 850 oC for 10Al steel as shown in Figure 4a. Moreover, by 

increasing the deformation temperature, most of the flow stress curves have the same trend for 8Al 

and 10Al steels, as shown in Figure 4. The flow stress curves show a board stress peak, which may 

be caused by the dynamic recrystallization (DRX). The flow stress curves in Figures 3 and 4 show 

that the 10Al steel exhibits a higher strength than 8Al steel. This result is consistent with the 

observations of the study that the Al element is beneficial to the strengthening of austenitic steel [24]. 

This enhancement may be due to solute atoms suppressing dislocation motion and improving the 

deformation barrier [23,24]. 

 

Figure.3 The actual (solid lines) and predicted (dots) hot compression curves of 8Al steel under 

different deformation parameters: (a) 850 oC, (b) 950 oC, (c) 1050 oC, and (d) 1150 oC. 
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Figure.4 The actual (solid lines) and predicted (dots) hot compression curves of 10Al steel under 

different deformation parameters: (a) 850 oC, (b) 950 oC, (c) 1050 oC, and (d) 1150 oC. 

In order to understand how the deformation conditions respond to the flow stress, the constitutive 

equations were developed. The power law equation is used to establish the relationships among flow 

stress, strain rate and deformation temperature at the high temperature deformation conditions [25]:  

𝜀̇=A𝑛exp[−Q/RT]                          (1) 

where ε̇ is the strain rate (s-1), A、n、 and β are the materials constants, =β/n, R character 

denotes the gas constant (8.314J·mol-1K-1), Q as the activation energy for deformation (KJ/mol), T as 

the absolute temperature (K). Taking the logarithm of Equation 1 gives [26]: 

                            𝑙𝑛[𝑠𝑖𝑛ℎ(𝛼𝜎)] = −
1

𝑛
𝑙𝑛𝐴 +

1

𝑛
𝑙𝑛𝜀̇ +

1

𝑛

𝑄

𝑅𝑇
              (2) 

From Equation 2, the stress exponent n can be calculated as[27]: 

                                𝑛 =
∂ln�̇�

∂ln
                                  (3) 

Figure 5 shows the variation of ln𝜀̇ with lnσ for different deformation temperatures of 8Al and 

10Al, it can been seen that the peak stress decreases with the decreasing of strain rate and the 
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increasing of deformation temperature. This is because the lower strain rate allows enough time for 

energy accumulation and dislocation annihilation. However, the higher deformation temperature 

favors the nucleation and growth of DRX grains. [28, 29]. The n value is given by the slope of ln𝜀̇ 

versus lnσ.    

                                 𝑄 = 𝑛𝑅
∂lnsinh()

∂(1 𝑇⁄ )
                          (4) 

By using Equation 4 [30], the activation energies for the hot deformation Q are 394 and 443 

kJ/mol for the 8Al and 10Al steels, respectively. In general, Q value depends on the chemical 

constitution and increases with alloying element content. Hence, the observed effect of Al content is 

quite consistent with this trend. Taking natural logarithm on Equation 1 gives:  

  𝑙𝑛 𝑍 = 𝑙𝑛𝐴 + 𝑛[𝑠𝑖𝑛ℎ()]                       (5) 

The relationship of lnZ-ln[𝑠𝑖𝑛ℎ()] of 8Al and 10Al steels is illustrated in Figures 6(a) and 

(b), respectively. On the basis of these figures, it is found that the correlation coefficients for the linear 

regression of lnZ and ln[𝑠𝑖𝑛ℎ()]  of 8Al and 10Al steels are 0.932 and 0.950, respectively, 

indicating that the plot presents a superior linear relevance between the flow stress and Z value.  

 

Figure.5 Plots of ln versus ln  for 8Al (a) and 10Al (b) steels. 
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Figure.6 Relation between Z parameter and peak stress: (a), 8Al; (b), 10Al. 

Based on the calculation above, the constitutive equation for both steels can be expressed as: 

8al: 

𝜀̇=8.396447 × 1014[sinh(0.00604)]4.938272exp(
−394145

𝑅𝑇
) 

10al: 

𝜀̇=3.574441 × 1014[sinh(0.012545)]1.904762exp(
−443413

𝑅𝑇
) 

In order to better predict the flow stress through the constitutive equations under different hot 

processing conditions, the material constants (i.e. , n, Q,, and A) are calculated under various 

strains within the range of 0.05-0.6 at an interval of 0.05 , which can be presented by a 5th-order 

polynomial relationships with true strains, as shown in Equation 6. On the whole, the predicted hot 

compression curves have a superior agreement with the measured hot compression curves (Figures 3 

and 4).  

β = 𝑂0 + 𝑂1+ 𝑂2
2 + 𝑂3

3 + 𝑂4
4 + 𝑂5

5 

𝑛 = 𝑃0 + 𝑃1 + 𝑃2
2 + 𝑃3

3 + 𝑃4
4 + 𝑃5

5 

 = 𝑋0 + 𝑋1+ 𝑋2
2 + 𝑋3

3 + 𝑋4
4 + 𝑋5

5                   (6) 

𝑄 = 𝑌0 + 𝑌1+ 𝑌2
2 + 𝑌3

3 + 𝑌4
4 + 𝑌5

5 

𝑙𝑛𝐴 = 𝑍0 + 𝑍1 + 𝑍2
2 + 𝑍3

3 + 𝑍4
4 + 𝑍5

5 

The material constants (i.e. , n, Q,, and A) of 8Al and 10Al are given as follows: 
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8Al：   

β = 0.08087 − 0.51467 + 2.698552
2 − 7.0116643 + 8.950724 − 4.437645 

𝑛 = 7.44451 − 31.6679 + 151.2962 − 373.7853 + 466.4164 − 229.1315 

 = 0.00967 − 0.04280 + 0.221762 − 0.540503 + 0.629564 − 0.281875                     

𝑄 = 426.378 − 328.173+ 2564.992 − 9472.833 + 15689.64 − 9564.485 

𝑙𝑛𝐴 = 37.9376 − 54.6522 + 352.232 − 1094.583 + 1624.344 − 913.5985 

10Al： 

  β = 0.0633 − 0.30796 + 1.332162 − 2.702553 + 2.467414 − 0.711685 

𝑛 = 4.99916 − 0.73567 − 30.71802 + 150.1053 − 277.2494 + 182.7935 

 = 0.00915 − 0.04234 + 0.212742 − 0.506843 + 0.591294 − 0.268535    

𝑄 = 449.042 − 408.329+ 1935.302 − 4237.793 + 2798.514 − 545.5845 

𝑙𝑛𝐴 = 38.6196 − 29.4536 + 140.3902 − 299.4973 + 145.2184 − 107.0565 

3.2. 3D Processing Map for Fe-Mn-Al-C steels 

The processing map(PM) is improved based on the Dynamic Materials Model (DMM) by Prasad 

et al. [31]. In this model, the  character denotes the efficiency of power dissipation, which exhibits 

how efficiently the energy dissipates through microstructure change during hot deformation [32, 33]. 

 is defined as:  

                       =
𝐽

𝐽𝑚𝑎𝑥
=

2𝑚

𝑚+1
                                   (7) 

As we all know, the field of superior workability is consistent with the higher )(  value[31]. 

The m character denotes strain rate sensitivity parameter. When the temperature and strain rate are 

determined, the following formula can be used to calculate the m value:  

                        m=
𝑙𝑛𝜎

𝑙𝑛�̇�
=

𝜕𝐽

𝜕𝐺
=

�̇�𝜕

𝜕�̇�
                                  (8) 
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In order to reveal whether flow instabilities happen in the hot deformation, an instability 

parameter (𝜀̇) is used to characterize the instabilities regions. (𝜀̇) is calculated by Equation 9. 

Flow instabilities are forecasted to happen when (𝜀̇) is negative. The instability map is drawn by 

the variation of values of instability parameter with temperature and strain rate. 

               (𝜀̇) =
𝜕𝑙𝑛(

𝑚

𝑚+1
)

𝜕𝑙𝑛�̇�
+𝑚 < 0                             (9) 

 

Figure.7 Processing map of the 8Al (a) and 10Al (b) steel at true strains of 0.5. (Contour numbers 

reflect efficiency of power dissipation. Shaded region reflects flow instability). 

 

Figure.8 The 3D power efficiency map of the 8Al (a) and 10Al (b) steel. 
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Figure.9 The 3D instability map of the 8Al (a) and 10Al (b) steel. 

The 2D processing maps of extruded 8Al and 10Al steels at true strains of 0.5 are shown in 

Figures 7a and b, respectively, where the contour numbers reflect the power efficiency and the gray 

zone represents “instability”. The 3D power dissipation maps of 8Al and 10Al steels are shown in 

Figures 8a and b, respectively. The color of the rainbow describes the efficiency of power dissipation 

in the 3D power dissipation map. Just as one expected, the power efficiency varies with the variation 

of deformation temperature and strain rate. When the true strain is 0.5, the maximum efficiency of 

power dissipation for 8Al steel is about 46%, which is lower than that of 8Al steel (about 54%), and 

higher values of efficiency of power dissipation mainly exist in the areas of 950-1150oC/0.001-0.1s-

1, while higher values of 10Al mainly exist in the areas of 850-1050oC/0.001-0.01s-1.  

Figures 9a and b are the 3D instability map of the 8Al and 10Al steels, respectively. The green 

zone reflects “instability”, while the violet area is “stable”. For 8Al steel, as shown in Figures 7a and 

9a, the proportion of instability zone is far less than that of stable region, it can be observed that the 

number of instability region shifts from two instability regions to one instability region. At stain of 

0.5, where only one instability region can be recognized: the instability region exhibits at the 

temperatures of 850-950oC and at the strain rates of 0.001-0.1s-1. For 10Al steel, as shown in Figures 

7b and 9b, the proportion of unstable zone for all the strains is larger than 8Al steel. It also can be 
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noticed from Figures 9a and b that the number of instability region extends from one to two with 

increasing Al content, as shown in Figures 7 and 9. The first unstable zone exhibits at the temperatures 

of 850-950oC and at the strain rates of 0.001-10 s-1; the second unstable zone exhibits at 1050oC and 

at the strain rates of 1-10s-1. This result confirms that the high Al content reduces the hot workability 

of these steels.     

3.3. Correlation between microstructure examination with processing map 

 

Figure.10 The microstructure for the steels after deformed at 950 oC/0.01 s−1: (a)8Al, (b) high 

magnification of (a); (c) 10Al, (d) high magnification of (c). 

Figures 10a and b show the optical microstructure of 8Al steel acquired at 950 oC/0.01s-1, 

consistent with the stability zone in the PM (Figures 7a and 9a). The initial hot rolling microstructure 

has been displaced by the recrystallized grain and substructures, as shown in Figure 10. A large 

fraction of fine DRX grains form along these grain boundaries, as shown in Figures 10a and b. 

Moreover, the wavy or serrated grain boundaries can be observed, confirming that grain boundary 
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expansion is the main mechanism of DRX nucleation. Such nucleation mechanism through strain-

induced grain boundary migration can be usually found in the coarser grained structure [19, 34].  

Figures 10c and d show the optical microstructure of 10Al steel acquired at 950 oC /0.01 s-1, 

consistent with the instability zone in the PM (Figures 7b and 9b). It is found that the intense flow 

localization has occurred at the austenite grain boundary (Figure 10c), the detail observation on the 

flow localization is shown in Figure 10d, which indicates that they are reconstitutes by the continuous 

band ferrite(CBF). The flow localization can easily lead to crack formation and accelerate crack 

propagation. The similar reports were made in 22Cr–19Ni–3Mo steel by[35, 36]. Moreover, the initial 

austenite grain boundaries produce distortion deformation, and fine nucleation of austenite DRX grain 

occurs at the initial austenite grain boundaries as shown in Figure 10d.  

By comparison, it can be observed that the proportion of austenite DRX grains reduces with 

increasing Al content, and the grain size of austenite DRX grain becomes smaller in 10Al steel. There 

is no denying that DRX is strongly affected by the hot deformation parameters. The effect of 

deformation temperature and strain rate can be uniform to Z parameter[23]. The study also shows that 

the Z value increases with increasing Al content (as shown in Equation 11, the Z value is positively 

linearly related to the hot deformation Q value[30], Q are 394 and 443 kJ/mol for the 8al and 10al 

steels, respectively). The increasing Z value means increasing strain rate or decreasing deformation 

temperature, which leads to inhibition the proceeding of DRX. The behavior of the correlation 

coefficient implies that the nucleation and growth of DRX grains could be clearly suppressed with 

increasing the Al content.  

𝑍 = 𝜀̇exp(
𝑄

𝑅𝑇
)                                     (10) 
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Figure.11 The microstructure of 10Al steel after deformed at 850 °C with different strain rates: 

(a) 10 s−1, (b) high magnification of (a); (c) 0.001 s−1, (d) high magnification of (c).   

In order to illustrate the flow localization features and the related instability mechanisms, the 

microstructures of 10Al steel are observed under the different deformation parameters. The 

microstructures of 10Al steel deformed at 850oC/10s−1 are shown in Figures 11a and b, which is 

consistent with the instability zone in the PM (Figures 7b and 9b). As is seen, a host of the deformation 

bands or deformation twins take play at austenite grains (Figure 11a), even appears cross deformation 

bands in the interior of the austenite grains (Figure 11b), these deformation structures are able to 

trigger easily flow localization[37]. When the strain rate drops to 0.001s-1, consistent with the stability 

zone in the PM (Figures 7b and 9b), a great mount of new fine ferrite grains displayed in the initial 

austenite grain boundaries owing to the lower strain rate is favorable for the DRX proceeding [38] 

(Figures 11c and d).   

The microstructures of 10Al steel deformed at 1150oC/10s−1 are shown in Figures 12a and b, 
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consistent with the instability zone in the PM (Figures 7b and 9b). The fine austenite DRX grains are 

distributed in the initial austenite grain boundaries, which can be confirmed in Figure 12a. This 

reflects that the hot deformation of 10Al steel at 1150oC/10s−1 is insufficient for complete DRX. It 

also can be seen that the intense flow localization features and the CBF extend along the deformation 

direction (Figure 12b), moreover, with increasing of deformation temperature, the initial austenite 

grain boundaries have a change from serrated grains to flattened grains as illustrated in Figures 10c 

and 12a. When the strain rate is lowered to 0.001s-1, consistent with the stability zone in the PM 

(Figures 7b and 9b), it can be seen that the deformation microstructure has finished the DRX 

processing, and the ferrite and austenite DRX grain have both grown up, especially the austenite DRX 

grain size coarsened remarkably (Figure 12c). It also can be noticed from Figures 12b and d that the 

morphology and distribution of ferrite transform from CBF to discontinuous granular ferrite(DGF), 

moreover, the flow localization features cannot be observed with decreasing the strain rate.  

To achieve a better understanding of microstructure evolution in the two steels during the hot 

deformation at different parameters, the schematic diagram of microstructure evolution is established 

as shown in Figure 13. For 8Al steel, it is seen that the initial hot rolling microstructure has been 

displaced by the recrystallized structure and substructures, as shown in Figure 13. For 10Al steel, the 

morphology and distribution of ferrite transform from the continuous band ferrite to discontinuous 

granular ferrite, and the diagram also indicates that austenite grain growth is more pronounced than 

ferrite at all temperatures. Moreover, the initial deformation microstructure cannot be observed with 

the increase of the temperature and decrease of the strain rate.  
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Figure.12 The microstructure of 10Al steel after deformed at 1150 °C with different strain rates: (a) 

10 s−1, (b) high magnification of (a); (c) 0.001 s−1, (d) high magnification of (c). 

 

Figure.13 Schematic diagram of microstructural evolution during hot rolling and hot deformation at 

different parameters. 

4. Conclusions 

We investigated the effect of Al content on the hot deformation behavior by the 3D processing 

map at the temperatures of 850-1050 °C and the strain rates of 0.001-10s-1. The following conclusions 



 

17 

are presented on the basis of our findings:  

 (1). The high-Al steel has a higher flow stress and a higher activation energy of deformation 

(443 kJ/mol) than those of the low-Al steel (394 kJ/mol). This phenomenon results from the solute 

hardening and a decreasing the DRX grain size with increasing Al content. The constitutive equation 

of both steels was established: 

8al: 

𝜀̇=8.396447 × 1014[sinh(0.00604)]4.938272exp(
−394145

𝑅𝑇
) 

10al: 

𝜀̇=3.574441 × 1014[sinh(0.012545)]1.904762exp(
−443413

𝑅𝑇
) 

 (2). The unstable zone of 8Al exhibits at the temperatures of 850–950 °C and the strain rates 

of 0.001–0.1 s-1 at true strain of 0.5. The number of unstable zone extends from one to two with 

increasing Al content, the first unstable zone exhibits at the temperatures of 850–950 °C and the strain 

rates of 0.001–10 s-1, the second unstable zone occurs at the temperatures of 1050 °C and the strain 

rates of 1–10s-1. The proportion of instability region for each of the strains increases with the 

increasing of the Al content. This phenomenon demonstrates that the high Al steel weakens the 

workability of the alloy.    

 (3). The microstructures of 8Al steel and 10Al steel depends on the deformation parameters. 

The initial hot rolling microstructure has been displaced by the recrystallized structure and 

substructures for both steels, while the unstable zone has deformation bands and flow localization.   

(4). Increasing of Z value with increasing the Al content, the proceeding of DRX could be clearly 

suppressed. For 10Al steel, the morphology and distribution of ferrite transform from the continuous 

band ferrite to discontinuous granular ferrite, moreover, the flow localization features cannot be 
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observed with decreasing the strain rate. 
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