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Abstract 

Dual-phase steels, commonly employed in the automotive industry, are characterised by their ferrite and 

martensite microstructure. In many cases, the martensite can be seen to be banded in the rolling direction. 

This banded microstructure arises from micro-segregation during solidification, primarily of manganese 

followed by subsequent rolling. The martensite banding can degrade the uniform elongation and ductility. In 

this study, the concept of altering the morphology of martensite has been employed to enhance the uniform 

elongation of DP steel. In this context, the influence of manganese segregation on the distribution of the second 

phase has been neutralised by redesigning the steel composition compared to conventional DP grades. The 

new DP steel grade has been introduced as ‘segregation-neutralised (SN)’ DP steel. A combination of 

micromechanical finite element modelling and uniaxial tensile tests was utilised to study the effect of change 

in the distribution of martensite on strain distribution and uniform elongation in DP steel. The strain-field 

measurement from the finite element modelling revealed a more homogeneous shear band formation in SN-

DP, resulting in a decrease in the frequency of the high-localised strain regions in SN-DP compared to a 

commercially benchmarked DP grade. Tensile results also showed an improvement in uniform elongation in 

SN-DP (+2.3 % absolute) compared to the benchmark DP grade with similar tensile strength. 

Keywords: Dual-phase steel, martensite morphology, strain distribution, uniform elongation 

1. INTRODUCTION 

Dual-phase (DP) steels, classified as first-generation advanced high-strength steels (AHSS), are employed in 

the automotive industry due to their optimal balance of strength and ductility [1]. Given the increasing interest 

in reducing the weight of automobile parts, there is a continual effort to improve the mechanical properties of 

existing DP steel grades [2]. DP steels are distinguished by a microstructure comprising a softer ferrite phase 

and a banded configuration of the harder martensite phase [3]. This banding of martensite is largely attributed 

to the segregation of manganese (Mn) to inter-dendritic zones during the casting and subsequent rolling 

processes, resulting in banded regions with increased Mn content. As Mn is an austenite stabilising element, 

the Ac1 temperature is decreased in the Mn-rich regions, which results in the preferred formation of 

austenite/martensite in these regions. Negative influences on the mechanical properties of DP steels due to 

the banded morphology of martensite have been documented. Tasan et al. [4] analysed the influence of 

martensite bands on strain localization in a DP steel using digital image correlation (DIC). They reported 

significant strain localisation near large, banded martensite, which caused local void formation and/or 

martensite cracking, leading to early failure during straining. Ramazani et al. [5] altered the banded martensite 

morphology to a non-banded form in their DP microstructure (35 % martensite fraction) by adjusting the heating 

rate and annealing temperature. This modification resulted in enhanced tensile strength and a 2 % 

improvement in uniform elongation in the DP microstructure with non-banded martensite. Matsuno et al. [6] 

investigated the effect of martensite banding using finite element (FE) modelling of 3D Voronoi DP 

microstructures (28 % martensite fraction). Their findings indicated that martensite banding reduced uniform 
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elongation by approximately 6% but significantly increased tensile strength by about 200 MPa, contrasting with 

the findings of Ramazani et al. [5]. A detailed comparison between the two studies highlighted differences in 

the martensite distribution within their non-banded microstructures. In this regard, the challenge of accurately 

representing martensite banding in two-dimensional analyses has been cited as a reason for the conflicting 

results observed in various studies. 

Altering the morphology and distribution of martensite has been identified as a promising strategy for 

enhancing the mechanical properties of DP steels. Extensive research has been directed towards removing 

the banded distribution of martensite in these steels. These studies typically involve complex laboratory-based 

thermal cycles, either involving immediate quenching from the austenitisation temperature to room 

temperature [7] or employing multiple heating and cooling steps [8]. However, these methods are not practical 

in a steel manufacturing environment. To date, no studies have reported on DP steels processed using 

contemporary industrial methods that produce equiaxed and uniformly dispersed martensite, where both the 

morphology and distribution are altered from the conventional banded martensite microstructure. In our 

previous work [9], the concept of segregation-neutralised DP steel (referred to as "SN-DP") was introduced as 

a means to achieve a non-banded distribution of martensite using standard continuous annealing thermal 

cycles. The strategy involved adjusting the composition of conventional DP steel grades by modifying the ratio 

of manganese to silicon. This balance between the austenite-stabilising effect of manganese and the ferrite-

stabilising effect of silicon minimises the difference in the Ac1 temperature between solute-rich interdendritic 

regions and solute-poor dendritic regions. In the current study, a comparative analysis of the strain distribution 

and uniform elongation of SN-DP steel has been conducted relative to a benchmark banded martensite 

commercial composition DP (BM-DP) steel. 

2. EXPERIMENTAL METHODS AND MICROMECHANICAL SIMULATION METHODOLOGY 

The compositions of the steels used in this study are detailed in Table 1. The first composition shows the BM-

DP composition and the second outlines the composition of SN-DP steel. The BM-DP steel produced in the 

laboratory was benchmarked against a commercial DP steel to ensure that it matched in terms of martensite 

distribution and mechanical properties [10]. The chemical basis for the SN-DP design has been discussed in 

our previous work [9]. Both steels were vacuum induction-melted (VIM) and cast into 10 kg ingots, followed by 

hot rolling and then cold rolling into steel sheets. Post-cold roll intercritical annealing was then carried out to 

achieve the final microstructures. Scanning electron microscopy (SEM) using a JEOL JSM-7800F system, 

equipped with electron backscattered diffraction (EBSD) from Oxford Instruments Symmetry S2, was 

employed to characterise the DP microstructures. Mechanical analysis of the samples was conducted through 

uniaxial tensile testing using a miniature sample size, with a gauge length of 10 mm, on an Instron 30 kN 

tensile machine. The tests were performed at a displacement rate of 0.4 mm/min. Micromechanical finite 

element method (FEM) simulations were employed to analyse the strain partitioning between ferrite and 

martensite in microstructures with varying distributions of the second phase. The representative volume 

element (RVE) used for these FEM simulations was derived from reclassified EBSD images of the 

experimental microstructures. The geometric meshing of RVEs and the solving of the FEM simulations were 

performed in COMSOL Multiphysics 6.2. For the boundary condition, a predefined displacement was applied 

to one edge of the RVE frame and symmetry conditions were imposed along the other two intersecting edges 

of the RVE frame. The flow stress behaviour was sourced from the literature [6,11]. Swift law was used for 

ferrite:  

𝑌 = 𝐶(𝜀0 + 𝜀𝑃)
𝑛               (1) 

Where: C = 760 MPa, ε0 = 0.02 and n = 0.3.  For martensite, Voce law was employed: 

𝑌 = 𝑌0 + (𝑌𝑠𝑎𝑡 − 𝑌0)(1 − 𝑒𝑥𝑝(−𝐶𝑌𝜀𝑃))        (2) 

Where: Y0 = 1000 MPa, Ysat = 2650 MPa and Cy = 70.  
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Table 1 Chemical compositions of DP steel grades used in this study (wt%) 

DP steel grade Fe C Mn Si Cr Nb B Ti 

BM-DP Bal. 0.13 1.86 0.25 0.55 0.03 0.000 0.02 

SN-DP Bal. 0.13 0.25 0.75 0.55 0.03 0.003 0.015 

3. RESULTS AND DISCUSSION 

3.1. Microstructures 

The phase-classified maps (obtained from EBSD analysis) of the heat-treated BM-DP and SN-DP are shown 

in Figure 1a and Figure 1b, respectively. Both microstructures are composed of only ferrite and martensite 

phases. The fraction of martensite in both microstructures is relatively similar, with values of 30.2 ± 0.5 % and 

30.7 % ± 1.6 % in BM-DP and SN-DP, respectively. Furthermore, the ferrite grain size is almost the same in 

both microstructures. The area-weighted average grain size values are 10.35 µm ± 0.5 µm and 10.11 µm ± 

0.4 µm in BM-DP and SN-DP, respectively. However, a clear difference in morphology and distribution of 

martensite can be observed between the two microstructures. A banded morphology of martensite can be 

observed in the microstructure of BM-DP, while in SN-DP, the martensite islands are distributed as separate, 

discrete regions with no banding observed. The morphology and distribution of martensite were quantified for 

better comparison between the two grades. The average value of martensite particle size was used to assess 

the distribution of martensite between the two phases (Figure 1c). As the volume fraction of martensite in both 

microstructures is almost identical, the average martensite size is representative of martensite distribution. To 

compare the morphology of martensite, the average aspect ratio of martensite was employed (Figure 1c). For 

each index, a significant distinction can be observed between the two microstructures. The higher value of the 

average martensite size in BM-DP indicates that the connectivity of the martensite is higher in BM-DP 

compared to SN-DP microstructure. The aspect ratio of the martensite in the BM-DP microstructure is almost 

three times higher than that in the SN-DP microstructure. This is related to the more equiaxed martensite 

shapes in SN-DP compared to BM-DP.  

 

Figure 1 a) and b) phase-classified maps of the heat-treated BM-DP and SN-DP c) average martensite size 

and average aspect ratio in BM-DP and SN-DP 

3.2. Strain distribution  

Figure 2a and Figure 2d illustrate the generated RVEs used for BM-DP and SN-DP for micromechanical FEM 

simulation. These RVEs were obtained from the corresponding phase-classified maps. The microstrain 

distribution maps from the FEM simulation are shown in Figure 2b and Figure 2e for the engineering strain of 

19.5 %. The formation of shear bands can be observed in both RVEs, with an average angle of 45 degrees. 

The number and homogeneity of shear bands differ between BM-DP and SN-DP RVEs. In BM-DP, with higher 

connectivity of martensite, fewer but stronger shear bands can be observed compared to SN-DP, which are 
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localised in specific parts of the microstructure. The presence of martensite bands acts as a barrier to slip 

deformation in ferrite, leading to shear bands preferentially forming between martensite bands. Conversely, in 

SN-DP, due to the lower connectivity of martensite, there are more spaces between martensite islands through 

which shear bands can pass. 

The strain distribution curves (fitted normal distribution) in ferrite and martensite at the engineering strain of 

19.5 % are shown in Figure 2c and Figure 2f, respectively. A shift in the distribution of equivalent plastic strain 

in martensite towards higher strain values can be observed in BM-DP compared to SN-DP. The average plastic 

strain of martensite in BM-DP (~8 %) was almost 4 % higher compared to SN-DP (~4 %). On the other hand, 

the peak of the strain distribution curve in the ferrite phase is higher in SN-DP than in BM-DP, indicating that 

ferrite in SN-DP (average plastic strain = 29 %) has experienced greater average plastic deformation compared 

to BM-DP (average plastic strain = 27 %). However, the tail end of the strain distribution curve in BM-DP is 

even slightly higher than SN-DP. The observation of a higher frequency of high-strain regions in the BM-DP, 

particularly within the martensite phase, indicates that the rate of void formation is likely greater in BM-DP 

compared to SN-DP. 

 

Figure 2 a) and d) RVEs used for FE simulation in BM-DP and SN-DP, respectively, b) and e) local 

equivalent plastic strain maps in BM-DP and SN-DP, respectively, c) and f) histograms of local strain 

distribution in martensite and ferrite, respectively at the engineering strain of 19.5% 

3.3. Tensile properties 

The engineering stress-strain curves of the heat-treated BM-DP and SN-DP are shown in Figure 3a. In both 

tensile curves a continuous yielding is observed, which indicates the existence of mobile dislocations at the 

ferrite/martensite interface. In DP steel grades, as a result of austenite to martensite transformation, these 

mobile dislocations are generated at the ferrite/martensite interface [12,13]. The average values of ultimate 

tensile strength (UTS), uniform elongation and total elongation for each DP grade are given in Table 2. Given 

the considerable disparity in the post-uniform elongation values observed between specimens, the associated 

error bar for total elongation was relatively high. Consequently, only uniform elongation values are considered 

for comparison between the two grades. Regarding tensile strength, both grades exhibited an almost similar 

UTS value (~760 MPa), while the uniform elongation was improved by approximately 2.3% in SN-DP compared 

to BM-DP. According to the strain hardening curves (Figure 3b), the strain hardening rate in BM-DP is higher 
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compared to SN-DP at the initial stage of plastic deformation. However, after a specific tensile strain, the rate 

of decline in the strain-hardening rate is faster in BM-DP compared to SN-DP, resulting in a lower uniform 

elongation. The difference in strain hardening behaviour between the two grades can be explained by the 

higher plastic deformation of martensite in the BM-DP microstructure (Figure 2c). The higher initial strain 

hardening rate in BM-DP can be attributed to the higher initial strain hardening rate of the martensite phase 

compared to the ferrite phase [14]. However, the strain hardening rate of martensite approaches zero after 

reaching a specific plastic strain known as saturation point. Furthermore, if the martensite phase undergoes 

higher plastic deformation, a higher void formation rate is expected, which facilitates the strength-weakening 

phenomenon during plastic deformation [15]. Consequently, the strain hardening rate dropped at lower plastic 

strains in BM-DP compared to SN-DP. The lower uniform elongation observed in the banded microstructure 

(BM-DP) is consistent with the findings of Matsuno et al. [6] and Ramazani et al. [5], where higher uniform 

elongation was observed in the DP microstructures with equiaxed martensite.  

A diagram of tensile strength-uniform elongation was plotted in Figure 3c to facilitate a comparison of the 

strength-elongation balance between BM-DP and SN-DP. In addition, a few more data points based on 

samples with different fractions of martensite and the hot-rolled samples have been included in this diagram. 

An allometric curve was then fitted on the data points for each DP grade. The fitted curve has shifted to a more 

upright position in the strength-elongation diagram indicating an enhanced combination of strength and uniform 

elongation in SN-DP compared to BM-DP samples. 

Table 2 Tensile properties of the heat-treated BM-DP and SN-DP 

DP steel grade UTS (MPa) Uniform elongation (%) Total elongation (%) 

BM-DP 761 ± 8 11.8 ± 0.5 16.1 ± 4.1 

SN-DP 768 ± 15 14.1 ± 0.6 18.5 ± 3.8 

4. CONCLUSION 

The concept of segregation-neutralised DP steel was used to change the banded morphology of martensite in 

a conventional DP grade to an equiaxed and well-dispersed distribution. The strain distribution maps from 

FEM results revealed that there are fewer but stronger shear bands in the BM-DP microstructure compared to 

SN-DP. Based on FEM results, BM-DP showed almost 4 % absolute higher average plastic deformation in 

martensite during straining compared to SN-DP. Although the average plastic strain in ferrite was lower in 

BM-DP, the frequency of high-strain regions in ferrite was slightly higher in BM-DP. The tensile results indicated 

that at a comparable tensile strength (~760 MPa), uniform elongation was improved from 11.8 % in BM-DP to 

14.1 % in SN-DP. 

 

Figure 3 a) Engineering stress-strain curves, b) strain-hardening and true stress-strain curves of BM-DP and 

SN-DP, c) diagram of tensile strength-uniform elongation comparing BM-DP and SN-DP samples. 
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