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Abstract 
Dual phase steels are materials whose microstructure is composed of a ferrite matrix with martensite islands. Ferrite provides excellent 
ductility, while martensite increases the strength of steel, which provides a special appeal in the automotive industry. The main objective 
of this research is to obtain dual phase steels from AISI 8620 steel with a high Mn content, using heat treatments in the intercritical range 
to obtain approximate percentages of martensite of 27, 33, 41, and 48%. Microstructural characterization is performed using optical 
microscopy and scanning electron microscopy techniques. The mechanical characterization is carried out using hardness, tension and 
charpy impact tests. The highest mechanical resistance is achieved in steel with 41% martensite phase, while the highest ductility was 
obtained by the material with 27% martensite. A fractographic analysis of all materials allowed determining that the type of fracture 
presented is ductile. When the martensite fraction increases, the impact energy exhibits a decreasing behavior, while the hardness behaves 
in an increasing way. 
 
Keywords: dual phase steel; martensite; mechanical properties; heat treatment; SEM; fractography. 

 
 

Producción y caracterización de aceros de fase dual a partir de un 
acero AISI 8620 con al alto contenido de Mn 

 
Resumen 
Los aceros de fase dual son materiales cuya microestructura está compuesta de una matriz ferrítica con islas de martensita. La ferrita provee 
una excelente ductilidad, mientras que la martensita incrementa la resistencia del acero, lo cual es un especial atractivo en la industria 
automovilística. El principal objetivo de esta investigación es obtener aceros de fase dual a partir de un acero AISI 8620 con alto contenido 
de Mn, a partir de tratamientos térmicos en el intervalo intercrítico para obtener porcentajes aproximados de martensita de 27, 33, 41 y 
48%. La caracterización microestructural es llevada a cabo mediante microscopía óptica y microscopía electrónica de barrido. La 
caracterización mecánica es realizada por medio de ensayos de dureza, tensión e impacto charpy. La mayor resistencia mecánica se 
consiguió en el acero con 27% de martensita. El análisis fractográfico de todos los materiales permitió determinar que el tipo de fractura 
presentada es dúctil. Cuando la fracción de martensita incrementa, la energía de impacto exhibe un comportamiento decreciente, mientras 
que la dureza se comporta de forma creciente. 
 
Palabras clave: acero de fase dual; martensita; propiedades mecánicas; tratamiento térmico; SEM; fractografía. 

 
 
 

1. Introduction 
 
Dual phase steels are distinguished by their high balance 

between resistance and ductility. This characteristic is 
obtained thanks to its microstructure composed of a hard 
phase (martensite or bainite) dispersed in a ductile ferritic 
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matrix [1]. The deformation-induced hardening provides a 
good distribution capacity for these deformations, which 
favors the ductility of these materials [2]. Likewise, its ability 
to absorb energy by impact is one of its main attractions in 
applications for the automotive industry [3]. Another 
important factor is the high level of fatigue resistance, which, 
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combined with a good energy absorption capacity, makes 
these steels very attractive for the manufacture of structural 
parts and as reinforcement in earthquake-resistant 
applications [4]. 

Usually, it is necessary to determine thermal or 
thermomechanical processes that require a biphasic structure 
(ferrite-martensite, or ferrite-bainite) from commercial steels 
with a single-phase pearlitic or ferritic structure. This allows 
opening a range of possibilities by avoiding the use of 
products that are difficult to access and with high cost [5]. 

The alloying elements directly affect the type of process 
that must be applied to obtain a biphasic ferrite-martensite 
structure. Especially, the incidence of chromium and 
manganese in obtaining dual phases has not been fully 
understood. A steel of high industrial consumption and with 
a high percentage of these elements is AISI 8620, which 
shows interesting application alternatives in its dual 
martensite-ferrite phase [6]. 

In this research, we obtained dual phase steels with 
martensite contents of 27, 33, 41, and 48% vol from a low 
alloy AISI 8620 steel with a high Mn content, by applying 
heat treatments in the inter-critical interval. The aim is to 
determine the most suitable combination of properties, with 
a microstructural characterization by optical, scanning 
electron microscopy and a mechanical characterization using 
traction, hardness, and impact tests. 

 
2. Materials and methods 

 
A commercial AISI 8620 steel with a high content of Mn 

is selected. This material is arranged in the form of a 22.2 mm 
[7/8 in commercial] diameter bar. The determination of the 
elemental composition of the studied materials was carried 
out by atomic emission spectroscopy (optical emission 
spectrometer Baird series DV4). 

For the design of the heat treatments (HT), eqs. 1 and 2 
were initially taken into account [7] to describe the 
calculation of the temperatures 𝐴𝐴𝐴𝐴1 and 𝐴𝐴𝐴𝐴3. Then, the 
normalized heat treatment temperature Tn is made to 
homogenize the microstructure, as shown in eq. 3. After 
obtaining the temperatures 𝐴𝐴𝐴𝐴1 y 𝐴𝐴𝐴𝐴3, the inter-critical 
temperatures Ti are calculated and the residence times are 
estimated using the critical treatment radius concept [7,8]. 

 
𝐴𝐴𝐴𝐴1 = 723 − 10.7(𝑀𝑀𝑀𝑀) − 16.9(𝑁𝑁𝑁𝑁) + 29.1(𝑆𝑆𝑆𝑆)

+ 16.9(𝐶𝐶𝐶𝐶) + 290(𝐴𝐴𝐴𝐴) + 6.38(𝑊𝑊)    
(1) 

 
𝐴𝐴𝐴𝐴3 = 910 − 203√𝐶𝐶 − 15.2(𝑁𝑁𝑁𝑁) + 44.7(𝑆𝑆𝑆𝑆) + 104(𝑉𝑉)

+ 31.5(𝑀𝑀𝑀𝑀) + 13.1(𝑊𝑊)    
(2) 

 
𝑇𝑇𝑛𝑛 = 𝐴𝐴𝐴𝐴3 + 50°𝐶𝐶 (3) 

 
The heat treatments are carried out in a Lindberg/Blue 

(Hevi-duty series 5100) electric furnace, thus achieving the 
necessary temperature ranges with a margin of error of ±5°C. 
The processing times selected are in accordance with the 
critical radius and are the necessary times to achieve the 
homogenization of the material and its transformation. Fig. 1 
shows the general scheme of heat treatment. 

 
Figure 1. General scheme of the heat treatments carried out. 
Source: The authors. 

 
 
The metallographic characterization of the steels was carried 

out using optical microscopy on a Leco 500 image analyzer, and 
scanning electron microscopy (SEM) on a Vega3 Tescan electron 
microscope, the composition by EDS is determined by means of 
a Bruker XFlash 410-M microsonde coupled to the electron 
microscope. Conventional polishing is carried out using SiC 
sandpaper and the microstructure is revealed with 2% nital [9]. 
Measurements are made for the percentages of phase obtained by 
optical and electron microscopy, through the digital processing of 
the images by the ImageJ free software, this is possible given the 
contrast differences of the metallography [10].  

The evaluation of the mechanical and technological properties 
(property related to the material subject to manufacturing processes) 
of the material was carried out using hardness, uniaxial tensile and 
impact tests. For the hardness, the equipment used was an analog 
Wolpert durometer. The measurements were made on a Rockwell B 
scale, making a profile of the surface at the center and recording the 
values every 2 mm, with an error margin of ± 5%. The tensile tests 
were carried out with circular specimens of calibrated length of 50 
mm according to the ASTM E-8 standard [11]. The equipment used 
was a Shimadzu UH_X universal testing machine with displacement 
control at a head speed of 5 mm/min, incorporating an axial 
traction/compression extensometer. The fracture surface of the 
specimens submitted to the tensile test is analyzed using scanning 
electron microscopy. Charpy impact tests are performed under 
ASTM E-23 standard [12], using a WPM universal impact machine 
with a sensitivity of 1 kg-m, at an ambient temperature of 21°C and 
relative humidity of 49% (environmental conditions are measures 
with a thermohigrometer HTC2). 

 
3. Results and discussion 

 
3.1. Heat treatments 

 
The elemental composition of the study material shows a steel 
with 1.099% Mn, which is in accordance with ASTM A29 
standard [13]. The manganese content range (Mn) is between 0.7 
and 0.9% in weight. Roy et al. [14] refer to this same steel 
composition as AISI 8620 with high manganese and low content 
of alloying elements. Table 1 summarizes the percentages of the 
main elements that comprise the study material. 
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Table 1.  
Elemental composition of the study material. Weight percentage. 

C Si Cr Mn Mo Ni Fe 
0.214 0.272 0.935 1.099 0.013 0.029 Balance 

Source: The authors. 
 

Table 2.  
Treatment temperatures. 

Heat treatment (% of 
phase proposed) Temperature (°C) Time (min) 

Normalized 900 

30 

Heat treatment 1 (HT1 
20% martensite) 765 

Heat treatment 2 (HT2 
30% martensite) 780 

Heat treatment 3 (HT3 
40% martensite) 790 

Heat treatment 4 (HT4 
50% martensite) 805 

Source: The authors. 
 

Following the methodology, the treatment temperatures 
are obtained. Table 2 summarizes the calculations of the 
temperatures of normalized and intercritical heat treatment 
for the different percentages of the phase proposed. 

 
3.2. Metallographic characterization 

 
Optical microscopy results for the as-received material 

show a microstructure of ferrite and pearlite grains [15]. This 
condition is evidenced in Fig. 2a. Since the study material 
comes from a rod, it has a deformed grain structure that needs 
to be homogenized. Fig. 2b shows the homogenized material 
with a decreased grain size, as a result of the normalized heat 
treatment. 

Fig. 3 shows the microstructure of the steel by optical 
microscopy after the heat treatments. 

 
 

 

Figure 2. Steel microstructure: (a) in as-received state (AS) and (b) with normalized heat treatment. 2% nital. 
Source: The authors. 
 

Figure 3. Microstructures obtained by optical microscopy of the material with heat treatment: (a) HT1, (b) HT2, (c) HT3 and (d) HT4. 2% nital. 
Source: The authors. 
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Figure 4. Microstructure of the material in SEM with secondary electrons (SE): (a) in raw state and (b) with normalized heat treatment. 2% 
nital. 
Source: The authors. 

 

Figure 5. Microstructures obtained by SEM results of heat treatments: (a) HT1, (b) HT2, (c) HT3 and (d) HT4. 2% nital. 
Source: The authors. 

 
 

 
According to the established methodology, it is 

possible to obtain different martensite fractions 
through treatment in the intercritical zone. This 
fraction increases as the energy in the treatment 
increases, which is observable in the images of the 
treated steels where the grain size is stable [14]. 

Fig. 4 shows the microstructures obtained by the 
scanning electron microscopy technique. Fig. 4a 

corresponds to the microstructure of the material in as-
received state (AS). Fig. 4b shows the microstructure of the 
material after the normalized heat treatment, thus showing a 
condition of homogeneity of the ferrite and pearlite phases. 

Fig. 5 shows the microstructures by SEM, with 
results of the heat treatments HT1, HT2, HT3, and 
HT4. In general terms, the images show a dual 
microstructure of ferrite with martensite islands. 
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Table 3.  
Martensite fraction: theoretical and obtained by treatment. 

Theoretical 
martensite 

fraction (%) 

Real 
martensite 

fraction 
(%) 

Standard 
deviation 

Absolute 
error 

Relative 
error (%) 

20 27.34 1.35 7.34 36.68 
30 32.98 1.44 2.98 9.92 
40 41.53 1.13 1.12 1.13 
50 48.42 1.45 1.59 3.17 

Source: The authors. 
 
In the intercritical zone, it is possible to predict the percentages 

of phase combination with the adequate use of the lever rule. The 
normalized heat treatment is necessary to homogenize the grain 
structure and refine it. After the thermal treatment, the increase in 
temperature did not generate grain growth. Grain stability is 
influenced by the high percentage of Mn (1.099% wt), as observed 
by Calcagnotto et al. [18]. The metallography results for the 
material in as-received state show a microstructure of ferrite and 
pearlite with an average hardness of 83 HRB. The microstructure 
of the heat-treated materials shows their transformation into a 
ferrite distribution with martensite islands, where the more energy 
is supplied in the heat treatment, the higher fraction of martensite 
is obtained. Similar results were obtained in the work by Lorusso 
et al.  [13]. The metallography results show no presence of other 
phases, which is a consequence of the Mn content that facilitates 
the transformation of austenite into martensite [18]. 

The percentage of the martensite phase is measured for the heat 
treatments carried out. Table 3 summarizes these results, which are 
the product of the statistical treatment with 60 measurements for each 
treatment. The greatest variation of the martensite fraction is given 
for 20% theoretically, since there is a greater amount of carbon 
available in the martensite phase when it is in a lower volumetric 
proportion, which makes the transformation more difficult to control. 

 
3.3. Mechanical characterization 

 
Fig. 6 shows the results of hardness for the thermally treated 

materials. They present a constant characteristic from the surface to 
the center, which corroborates the good homogeneity achieved with 
the treatments. 

There is a direct relationship of hardness with the percentage of 
phase. As the energy in the treatment is increased, the percentage 
of martensite rises and the hardness of the material increases. This 
observation was also presented in various works on dual phase 
steels [16,17,19-22]. 

Results of the tensile test are shown in Fig. 7. Table 4 
summarizes the mechanical properties extracted from the stress-
strain curves for the different percentages of martensite obtained. 

The maximum and yield strength of the material increases in the 
HT3 treated sample concerning the steel in as-received state, due to 
the presence of the martensite phase. At the maximum stress values, 
the greatest differences between steels occur. This reflects different 
levels of hardening capacity in the plastic region of the material and 
is linked with an increase in the density of dislocations formed during 
the transformation process of austenite in martensite.  Kumar et al. 
[23] established in their work the dependence of the amount of 
martensite on the increasing the resistance of the material, that is, the 
degree of deformation depends on the volume fraction and the 
carbon content in the martensite phase. 

 
Figure 6. Hardness from center to surface for AS and heat-treated materials. 
Source: The authors. 

 
 

 
Figure 7. Stress-strain curve for heat-treated materials. 
Source: The authors. 

 
 

Table 4.  
Tensile test results. 

 
Martensit
e fraction 

[%] 

Maximu
m stress 
[MPa] 

Yield 
stress 
[MPa] 

Uniform 
elongation 

[%] 

Total 
elongation 

[%] 
AS  617.74 306.10 4.07 15.78 
Normalized  628.64 336.72 3.57 19.84 
HT1 27 567.70 279.55 3.25 23.51 
HT2 33 611.89 297.42 2.66 17.84 
HT3 41 754.72 419.14 4.10 10.50 
HT4 48 544.33 301.96 3.61 23.21 

Source: The authors. 
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The difference between yield and maximum stress shows the 
significant deformation hardening capacity of these materials. 
Another relevant factor to consider is the carbon content of the 
material. Although carbon is fixed, there is greater availability 
when you have a lower fraction of martensite. In this work, the 
trend of the mechanical resistance values due to treatments 
carried out on steel have a direct correspondence with the 
investigations carried out by Pandre et al. [24]. However, these 
authors work with a lower carbon content material, thus 
presenting lower mechanical resistance values. 

The material with heat treatment to produce 27% martensite 
shows the best behavior between resistance and ductility with a 
uniform elongation of 3.248% and an increase in the total 
elongation of 7.724% compared with the material in as-received 
state. For 41% of martensite, the resistance increases by 18.16%, 
with a decrease in the total elongation of 33.47%, compared with 
the material in as-received state. 

Fig. 8 shows the micro-mechanism of fracture produced by 
the tensile test for untreated and treated materials. Examination 
of the surface reveals a ductile dimpled fracture for the AS and 
the 4 treatments. The phenomenon of microcavity formation can 
be observed, where the dominant nature of the fracture is ductile. 
This predominant ductile mechanism was also pointed out by 
Ahmad et al. [25], and modeled in the work of Rana et al. [23]. 

 

 
Figure 8. SEM fractography images for as-received and heat-treated 
materials: (a) AS, (b) HT1, (c) HT2, (d) HT3, (e) HT4. Yellow circles: Fe-
Mn compounds. 
Source: The authors. 

 
Figure 9. EDS spectrum for the precipitates formed in HT1 and HT4, 
respectively. 

 
 
The specimens with HT1 and HT4 treatment evidence 

particles that originate larger microcavities (highlighted with 
yellow circles, Figs. 8b and 8e). An analysis is performed 
using X-ray energy dispersion spectrometry (EDS). These 
results are illustrated in Fig. 9, and evidence the presence of 
Fe-Mn compounds, mainly for the two treatments. 

The fractographic study reveals the fracture 
micromechanism of each of the samples, where a ductile 
fracture with microvoid formation dominates (Fig. 8), 
obtaining a higher maximum stress and yield stress condition 
for the HT3. The thermal treatments HT1, HT2, and HT4, 
exhibit the presence of larger microcavities, this is linked to 
a condition of greater ductility, these results agree with that 
reported in [25- 27], while the HT3 evidences a less ductile 
fracture characteristic linked to greater maximum stress, so 
that the resulting surfaces present undulations characteristic 
of a plastic decohesion mechanism, a condition clearly 
detectable in electronic fractography [28], On the other hand, 
the materials whose treatments are HT1 and HT4, evidence 
the formation of precipitates, which favors the formation of 
larger microcavities, with smaller cavities around them, this 
is because there are fewer nucleation sites in microcavities, 
this condition is studied in the references [5,29,30]. 

The results of the impact test shown in Fig. 10 generally 
show a decrease in impact toughness with increasing 
martensite fraction. For HT1 it has the highest energy 
absorption, reporting an average value of 231.45 J, this 
increase in toughness is linked to the presence of mostly 
ferrite, which is the soft phase and high toughness, this same 
trend of reported fuel by Kadkhodapour et al. [17]. A 
decrease in impact energy is evident for the material whose 
microstructure is made up of 49% martensite, obtaining a 
value of 16.08 J, this is linked to the fact that when there is a 
higher fraction of martensite, the cracks tend to spread more 
in the ferrite-martensite interface, causing toughness to 
decrease. 
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Figure 10. Impact energy for heat treated materials. 
Source: The authors. 

 
 

 
Figure 11. Hardness and impact energy depending on the martensite fraction. 
Source: The authors. 

 
 
Fig. 11 shows the relationship between impact energy, 

hardness, and the martensite fraction. The impact energy 
exhibits a decreasing behavior, while the hardness increases 
with the martensite fraction. This shows an inversely 
proportional relationship between the two properties and 
agrees with studies carried out by Sun et al. [20], which 
emphasizes the morphology of martensite, and Calcagnotto 
et al., who researched in depth the size of this phase [22]. 

 
4. Conclusions 

 
From an AISI 8620 steel, it was possible to design heat 

treatments to obtain ferrite-martensite dual-phase steel with 
specific percentages of each phase and low relative errors. 
The presence of high Mn content (1.099% wt) showed an 
adequate control of grain growth during the heat treatments 
and facilitated its transformation to martensite. 

The highest mechanical resistance condition occurs for 
steel produced by heat treatment 3, with 41% martensite; 
while the highest ductility is obtained for steel produced in 

heat treatment 1, with a fraction of 27 % martensite. 
The fractographic analysis carried out at different levels 

of magnification made it possible to determine the fracture 
mechanism in the materials studied. They presented in 
general a ductile fracture with the formation of microcavities, 
whose geometry varies depending on the type of treatment. 

Steels produced by heat treatment have a good condition 
of homogeneity in their microstructure. The hardness of the 
materials is constantly present from the core to the surface 
with a linear trend depending on the martensite fraction. 

The presence of Fe-Mn compounds favors the formation 
of larger microcavities, with a higher density of smaller 
cavities around them. This condition is linked with the fact 
that there are fewer nucleation sites. 

Increasing the fraction of the martensite phase evidences 
a decreasing behavior in the impact energy, while hardness 
exhibits an increasing behavior. 
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