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Abstract The microstructure of dual-phase (DP) steels is

composed of a matrix of ferrite reinforced by islands of

martensite and the common interphase boundaries. To study

the mechanical behavior of DP steels, steel with 45% ferrite

and 55% martensite was fabricated and tested in the labo-

ratory. Two types of finite element models were then created

based on SEM images. The first model directly created the

grains and boundaries from the SEM images, while the

second model used a Voronoi type algorithm to construct

geometries which are statistically similar to the SEM images.

The models consider the measured morphology of ferrite,

martensite, and their phase boundaries. The Gurson damage

model was then used for the ferrite and boundary regions.

The obtained results correctly predicted the failure mecha-

nisms in a DP material. The results indicate that the defor-

mation is localized due to microstructural inhomogeneities

and the nucleation of voids in the boundaries between the

ferrite and martensite grains. The good correlation between

the numerical and experimental observations from SEM

micrographs shows the efficiency of the proposed models in

predicting the failure mechanism of DP steels.

Keywords Dual-phase steels � Finite element method �
Gurson damage model � Microstructure

Introduction

Nowadays, in material engineering, the use of lightweight

components is a fundamental requirement. For developing

material properties, and also due to the economic and

ecological considerations, the weight of a structure should

be reduced and at the same time its structural quality

should be strengthened. Multiphase steels such as dual-

phase (DP) steels, which exhibit an excellent combination

of strength and ductility, have been widely used in the

automotive industry for the purpose of weight reduction

and saving energy. The high strength of multiphase steels is

the consequence of grain refinement and precipitation

hardening induced by the coexistence of softer and harder

phases and various grain sizes. The fraction and spatial

distribution of the different phases controls their practical

effects, which play a key role in the complex behavior of

these steels [1, 2].

The DP steel used in this study is AISI 5115, which

offers impressive mechanical properties such as continuous

yielding behavior, high work hardening rate, and superior

strength–ductility combination, and is used for machine

elements such as cam shafts, gears, and other transmission

elements after surface treatment by carburizing or nitrid-

ing. Generally, these steels consist of a soft phase, i.e.,

ferrite and a relatively hard martensite phase.

S. Katani � S. Ziaei-Rad � N. Nouri � N. Torabian (&)

Department of Mechanical Engineering, Isfahan University

of Technology, 84156-83111 Isfahan, Iran

e-mail: n.torabian@me.iut.ac.ir

N. Saeidi

Department of Material Engineering, Isfahan University

of Technology, 84156-83111 Isfahan, Iran

J. Kadkhodapour

Department of Mechanical Engineering, Shahid Rajaei

University, Tehran, Iran

S. Schmauder

Institut für Materialprüfung, Werkstoffkunde und
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The mechanical properties of these steels are primarily

related to the volume fraction of each phase. Ferrite in the

microstructure improves the toughness and elongation, but

martensite improves the strength and hardness. The exis-

tence of both high strength and good toughness simulta-

neously is one of the most important characteristics of DP

steels. On the whole, the formation of a second hard phase

in the ductile matrix usually sacrifices ductility.

Generally, there exist two methods for producing DP

steels, thermo-mechanical treatment and intercritical

annealing. In the first case, Coldren and Tither [3] showed

that a DP structure is developed during cooling after hot

rolling. In the second method, the DP structure is formed

after intercritical annealing of a previously rolled product

[4–6]. Intercritical annealing leads to the formation of

islands of austenite that transform to martensite or some

other low-temperature transformation products, such as

bainite, during rapid cooling.

Generally, various investigations have been conducted

on simulation of tensile behavior and failure mechanisms

of multiphase steels [7–11]. Uthaisangsuk et al. presented a

model to describe the influence of the multiphase micro-

structure on the complex failure mechanism. In this

investigation, two failure modes were observed at a

microscale level: cleavage and dimple fracture. Simula-

tions were also carried out for DP steels by using the

Gurson–Tvergaard–Needleman (GTN) model with a two

void nucleation mechanism [1]. Ohata et al. developed a

two-phase polycrystalline FE model together with a dam-

age model for the simulation of microvoid formation and

subsequent interaction followed by ductile cracking. In

their simulation, the grain boundaries were omitted and the

focus was mainly on the different phases [12].

In this article, first a DP steel was fabricated by a heat

treatment procedure reported in literature. Some experi-

ments were then carried out on the produced steel to

determine its microstructural characteristics. Two sets of

finite element models were then created. The geometry of

the first set was constructed from the SEM images of the

material, while the grain distribution of the second set was

created by a novel random algorithm.

In spite of the extensive work on modelling the failure

behavior of multiphase steels, there are limited investiga-

tions which have taken the grain boundaries effects into

consideration [13–15]. Wei and Anand [13] employed an

elastic–plastic grain boundary interface model which

accounted for irreversible inelastic sliding-separation

deformations at the grain boundaries prior to failure. Wei

et al. [14] used a rate-dependent amorphous plasticity

model which accounted for cavitations and related failure

phenomena to model the grain boundaries. However, in

this study, the effects of grain boundaries on the failure

behavior of a DP steel are considered by employing

damage mechanics; different models were constructed and

analyzed to simulate the behavior of the material during

tensile tests. The GTN damage model was employed to

simulate the ductile cracking behavior of the material.

Finally, the numerical results were compared with experi-

mental observations and the failure mechanisms were

explained in detail.

Material Fabrication and Testing

The steel used in this investigation was AISI 5115 with the

chemical composition presented in Table 1.

The material was received as cold rolled bars with a

diameter of 30 mm. Longitudinal tensile specimens were

machined according to ASTM A370. After austenitizing at

900 �C for 15 min, the specimens were soaked in 730 �C

for 200 min and then quenched into cooled water.

Three round tensile specimens were fabricated from the

produced steel and the tensile tests were performed at a

cross-head speed of 2 mm/min at room temperature. The

obtained stress versus strain diagrams are depicted in

Fig. 1. From this figure, it is clear that the test results for

the three samples coincide with each other with a maxi-

mum difference of 5%, indicating that the results are

repeatable and also that the steel is produced homoge-

nously. The material behavior consists of two distinct

regions. In the first region, which is up to 0.4% of strain,

the material behaves linearly. Moreover, the hardening

characteristic of the produced DP steel can be properly

approximated by a linear hardening rule. The mechanical

properties of the material are summarized in Table 2.

The microstructure was characterized using both optical

metallography and scanning electron microscopy. An

optical micrograph of the material is presented in Fig. 2

which shows that the material microstructure consists of

martensite islands distributed in a ferritic matrix. Metal-

lographic studies were carried out on samples prepared by

polishing and etching with Nital 2%. Then, the volume

fraction of each phase was measured using an image ana-

lyzer on metallographic sections. The ferrite and martensite

volume fractions were 45 and 55%, respectively.

The microstructure was also analyzed by SEM and EDS.

SEM micrographs taken from different regions of the

produced steel are shown in Fig. 3. Moreover, grain

boundaries were studied by EDS and map analysis. As

shown in Fig. 4, different parts were analyzed but there

Table 1 Chemical composition of AISI 5115 steel

Alloying element C Si Mn Cr S P

% Weight 0.25 0.4 1.1 1.0 0.025 0.035
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was no preferred segregation of elements in the grain

boundaries observed, and also no carbide or any other

particles were detected in the grain boundaries. So it can be

concluded that the microstructure is homogenous and there

is no difference between the grain boundary and matrix

from the view point of alloying elements. In other words,

no partition of Mn, Si, or Cr exists between the two phases.

This was probably due to insufficient time for partitioning

of the substitutional solutes to occur during austenite

decomposition.

Geometry of Microstructure

Microstructure Geometry from SEM Images

After production of the steel, some processes were used to

prepare it for photographing in microdimensions. Next,

pictures were taken from some regions of the manufactured

steel using scanning electron microscope. It should be

mentioned that each picture approximately includes 150

grains. The grain size was 14–20 lm.

The SEM images of different regions of the material

(Fig. 3) were loaded into the MATLAB environment. The first

step is to recognize the phases. The identification of phases is

performed by the use of MATLAB image processing software

with a novel idea that uses the RGB index range of the colors in

the image to recognize ferrite and martensite phases.

As the boundaries play a significant role in the material

behavior, it is important to recognize boundaries from the

phases. This is carried out by considering the range of

colors corresponding to the boundaries in the RGB index.

The developed method is able to separate grain boundaries

from phases (ferrite and martensite). In the proposed pro-

cedure, the greater the number of pixels is, the more pre-

cisely the phases can be identified.

At the end of this stage, the pictures are mapped into a

matrix involving arrays which show the types of the phase

and boundary. The material which has been assigned to the

element of the ith row and jth column of the matrix cor-

responds to the color of the pixel in the image.

In the next stage, a code is written which creates an

array of rectangles with their corresponding material.

Finally, a model similar to the real image is constructed

(Fig. 5).

In the above-mentioned methodology, the quality of

the image is proportional to the computational cost.

Although by increasing the picture size the accuracy of

Fig. 1 Measured stress–strain

curve obtained from three

different samples

Fig. 2 Optical micrograph of produced dual-phase AISI 5115 steel

(bright phase ferrite, dark phase martensite)

Table 2 Mechanical properties of the dual-phase steel

Young’s modulus, E (GPa) 193

Yield stress, ry (MPa) 640

Ultimate stress, ru (MPa) 950–1,000

Fracture strain, eu (%) 3.5–4
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the model in predicting the material properties increases,

the model size (number of rectangles) is limited to the

hardware available.

To reduce the required computational time, the program

defines every congeneric 256 pixels as a block. In this way,

the time of solving the problems by the finite element

method decreases considerably. Therefore, it is possible to

use high accuracy images to solve the problems. In the next

stage, a finite element code is used to compare the

numerical results with the experimental data. The image

processing algorithm can be summarized as follows:

1. Reading the SEM image

2. Recognizing the range of the colors

3. Identifying the phases and separating of grain bound-

aries from phases

4. Assigning material to the colors of the pixels

5. Mapping of the material matrices to the FE model

Figure 6 depicts the results of different stages from the

SEM image to the final FE model.

A similar procedure was also applied to the images of

Fig. 3(a, c); however, the results are not reported here for

the sake of brevity.

It should be mentioned that in the FE models the mesh

size is the same as the size of the pixels. In the picture, the

number of pixels in the x and y directions are 330 and 265,

respectively. However, it is possible to use a finer mesh.

Linear-2D plane strain elements were used throughout

the simulations. As mentioned previously, the number of

elements has a significant effect on the accuracy of the

Fig. 3 SEM micrographs of produced dual-phase AISI 5115

steel (SEM images from different regions are later used for finite

element modelling of microstructures). (a) Region 1. (b) Region 2.

(c) Region 3

Fig. 4 EDS analysis at different points of the microstructure (1, 5

ferrite grains; 3, 4 martensite; 2 boundary)
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results. A mesh density study was also carried out with

images of various pixel numbers, and the results indicated

that using images with 330 9 265 pixels, the accuracy of

the results would be acceptable.

Random Geometry

Initially, the averaged grain dimensions and volume fraction

of each phase was calculated using SEM micrographs. Grain

Fig. 5 The image processing

procedure used for recognition

of phases and boundaries from

SEM images

Fig. 6 Image processing procedure for the image of Fig. 3b. (a) SEM image. (b) Recognition of phases (white color martensite, black color

ferrite). (c) Separation of boundary from phases. (d) FE model
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size and distribution of each phase was calculated from SEM

images of various regions of the investigated material.

Having three images on the microscale, the grain size in both

the horizontal and the vertical directions can be computed.

The obtained grain size of the ferrite or martensite phases is

then used to construct an accurate random model.

Figure 7 shows the distribution of ferritic grain existing

in three SEM images versus the grain size in two direc-

tions, i.e., vertical and horizontal. Using statistical analy-

ses, the maximum grain size of ferrite was estimated to be

around 15 lm, with a tolerance of 2 lm in both the hori-

zontal and the vertical orientations.

Figure 8 presents the statistical data for the martensite

phase. The results show a dimension of 14 lm with a

tolerance of 1 lm in either direction.

In this study, a code is developed to generate 2D Voronoi

tessellation data just by inputting a set of nodes. The pro-

gram has the ability to tessellate systems with different

shapes and with periodic and non-periodic boundaries.

There are a few algorithms on scattering points in a

plane for creating a Voronoi tessellation with partly pre-

scribed cell sizing. To the best of authors knowledge, there

is no mathematical methodology for prescribing the type

and volume fraction and size distribution of the Voronoi

cells. However, a novel procedure is proposed for a broad

range of grain sizes and fractions without limitations in the

number of the grain size set.

The idea is to extract the input points which are used in

the Voronoi tessellation from a packing problem (granular

simulation). This is done using algorithms that exist in a

discrete element method (DEM). Details of the algorithm

and the modelling scheme can be found in the previous

article of authors [16]. The Voronoi tessellation created

from the data of DEM is presented in ‘‘Comparison

between results obtained from random geometry genera-

tion and experimental data’’ section.

Material Modelling

Mechanical Properties

The mechanical properties of the investigated steel were

identified through tensile tests, as discussed in ‘‘Material

fabrication and testing’’ section. In DP steels, the combi-

nation of chemical composition and processing conditions

results in the production of an extensive range of micro-

structures leading to various mechanical behaviors. Dif-

ferent studies have been presented to accurately measure

the mechanical properties of each phase [17, 18]. In this

study, the empirical relation proposed by Rodriguez and

Gutierrez was employed to estimate the stress–strain rela-

tion for each single phase [19]:

r ¼ r0 þ Drþ a �M � l �
ffiffiffi

b
p
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� expð�M � k � epÞ
k � L

r

;

ð1Þ

where the term r0 describes the effect of the Peierls stress

and of the elements in the solid solution, defined as

r0 ¼ 77þ 80% Mnþ 750% Pþ 60% Siþ 80% Cu

þ 45% Crþ 11% Moþ 5; 000 Nss; ð2Þ

where Nss represents the nitrogen solid solution in mass

percent. Moreover, a is a constant, M is the Taylor factor, l
refers to the shear modulus, b is the magnitude of the

Burgers vector, ep is the plastic strain, L denotes the

Fig. 7 Number of grains versus

grain size of the ferrite phase
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dislocation mean free path, k is the indication of the

recovery rate, and Dr is the additional strengthening due to

the precipitation and carbon in solution. The corresponding

values of these parameters were extracted from Ref. [2].

Finally, the calculated stress–strain curves for different

phases are shown in Fig. 9. It demonstrates that the carbon

content has a significant influence on the strength for both,

martensite and ferrite. In numerical modelling, a J2 plas-

ticity model was assigned to both phases using the stress–

strain curve depicted in Fig. 9.

Experimental investigations reported in Ref. [20] for DP

steels indicate that the hardness at ferrite–martensite and

ferrite–ferrite boundaries is higher than in the ferrite phase.

Therefore, the hardening and the yield stress of grain

boundaries were set to 1.35 times of the ferrite phase. To

estimate this value first an average value for the boundary

thickness was calculated from Fig. 6(c). Then using the

estimated thickness and nanohardness graph for DP steel

presented in Ref. [20], an average value for the ratio of the

boundary hardness to the ferrite hardness was extracted.

Utilizing this value, the calculated stress–strain results are

in relatively good agreement with experimental data.

However, further experimental measurements need to be

done on this specific steel to obtain more accurate values of

these parameters.

The GTN Damage Model

The Gurson model is an appropriate model for simulating

the damage evolution inside a ductile material. It is well

known that ferrite shows ductile behavior during failure,

while martensite is a hard phase with a high ultimate stress.

Therefore, in this study, the ferrite behavior was simulated

by the GTN model and elastoplastic behavior was assigned

to the martensite phase. Moreover, according to the

deformation behavior of grain boundaries described in Ref.

[13], a GTN model was used here for simulating the

behavior of boundaries. The material and damage models

used for each separate phase are presented in Table 3.

The GTN model is based on an isotropic matrix material

and a single spherical void, so that the void existence and

growth make a contribution in the formulation of a yield

equation. The most widely used form of GTN, which

applies to strain-hardening materials under the assumption

of isotropic hardening, has the form

; ¼ rV

ry

� �2

þ2q1f � cosh
3

2

q2rH

ry

� �

� 1þ q3f �2
� �

¼ 0

ð3Þ

Here, rV and rH represent the macroscopic equivalent

stress and the hydrostatic macroscopic stress, respectively.

Also ry is the yield stress of the matrix material. Further-

more, q1, q2, and q3 are the most important parameters in

GTN model and should be selected in a way to obtain a

proper fit between the numerical and experimental results

[1, 21].

Fig. 8 Number of grains versus

grain size of the martensite

phase

Fig. 9 Stress–strain curves for ferrite and martensite phases
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The damage in the form of a void volume fraction is

described by f*, the effective void volume fraction given

by

f �ðf Þ ¼
f if f \fc

fc þ 1=q1�fc
ff�fc

f � fcð Þ if f [ fc

(

; ð4Þ

where f is the void volume fraction and fc and ff are the

critical void volume fractions at the onset of coalescence

and at total failure, respectively [22].

The total rate of void evolution in this model is

decomposed into the growth rate of the existing voids and

the nucleation rate of new voids, as follows [1]:

_f ¼ _fgrowth þ _fnucleation; ð5Þ

where

_fgrowth ¼ 1� fð Þtr _epl

_fnucleation ¼ A_epl
M

ð6Þ

in which epl is the plastic strain tensor, eM
pl denotes the

equivalent plastic strain, and A is the nucleation parameter

defined as [1]

A ¼ fn

sN

ffiffiffiffiffiffi

2p
p exp � 1

2

epl
M � eN

sN

 !2
2

4

3

5; ð7Þ

where fn is the volume fraction of void nucleating particles,

eN and sN are the mean and standard deviation of the

nucleating strain distribution, respectively.

In this model, the initial porosity, f0, is equal to the

volume fraction of inclusions, and thus was set equal to

0.001, as suggested by Ref. [1]. Moreover, fn was set to

0.04 according to Ref. [23]. Other damage parameters were

obtained through finite element calibration as eN = 0.2,

and sN = 0.2. The identification procedure of q1 and q2 is

discussed in the following section.

Identification of the Material q-Parameters

It is well known that for a material obeying the GTN

constitutive relation, the stress–strain behavior, which

strongly affects the material fracture resistance, is sensitive

to q1 and q2 parameters [24]; therefore, determination of

the q-parameters is crucial when employing the GTN

damage model. In this study, q1 and q2 are determined

through the calibration procedure suggested by Kim et al.

[24], as follows:

A representative material volume (RMV) is modelled

by two approaches; one, which is called the voided

cell method, contains a discrete void of initial volume

f0 governed by the J2 theory of plasticity, and the other is

a homogeneous continuum with the same initial volume

fraction characterized by the GTN constitutive rela-

tion. Both unit cells are subjected to the same loading

history.

The parameters q1 and q2 are calibrated to minimize the

difference in the predicted stress–strain curves between the

GTN model and the voided cell model. Figure 10 shows

the stress–strain curves obtained from the two approaches.

In Fig. 10(a), q2 is fixed at 1.1 and q1 changes from 1.02 to

1.4, while in Fig. 10(b), q1 is fixed at 1.08 and q2 varies

from 0.94 to 1.4. According to Fig. 10(b), for q1 = 1.08

and q2 = 0.94 the results obtained from the GTN model

would be in a good agreement with the voided cell model

predictions; therefore, the calibrated values for q1 and q2

are set to 1.08 and 0.94, respectively. The material damage

parameters for the investigated DP steel are summarized in

Table 4.

Fig. 10 Macroscopic stress–strain curves for (a) fixed q2, (b) fixed q1

Table 3 Mechanical models used for each phase

Materials Hardening model Damage model

Ferrite Elastic–plastic GTN damage

Grain boundary Elastic–plastic GTN damage

Martensite Elastic–plastic No damage model

Metallogr. Microstruct. Anal. (2013) 2:156–169 163
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Numerical Results

In the finite element simulations, the following boundary

and loading conditions were considered: In image pro-

cessing-based model, the bottom edge of the volume ele-

ment was fixed, the sides of the model were considered to

be free and on the top, a displacement boundary condition

was applied. In random model, in addition to the dis-

placement and constrained boundary conditions applied to

the top and bottom edges, respectively, a periodic boundary

condition was applied at all nodes on the right- and left-

hand sides of the volume element.

In both modeling approaches (image processing based

modeling and random modeling), a mesh of linear-2D

plane strain elements was used. In the FE model, which

was generated based on image processing, each pixel was

considered as a single element. Therefore, as the pixels

were in quadrilateral shape, the generated mesh consists of

quadrilateral elements. Moreover, for the random model,

grains were distinguished from grain boundaries during the

meshing process; due to the small thickness of grain

boundaries and in order for the aspect ratio of the elements

to attain acceptable values, a fine mesh was used for

boundaries, while for the grains a coarse mesh was

employed for the computational efficiency considerations.

The properties of the ferrite phase and the phase

boundary were determined by isotropic hardening. Then,

the GTN damage model was used with the parameters

explained in the previous section. Furthermore, an explicit

solver was used with a mass scale which was selected

based on trial and error to get acceptable results in accor-

dance with the experimental observations.

Comparison Between Results Obtained from SEM

Image Processing Technique and Experimental Data

In this section, the results obtained from the simulations

which use SEM image processing technique for the micro-

structure geometry generation are compared with the

experimental data. Three different regions of the produced

material were selected, and SEM images were taken from

them (Fig. 3). Afterward, three FE models were generated

based on these SEM images and the simulation results were

compared to ensure that results are robust and independent of

the position from which the image was taken. In all simu-

lations, the GTN damage model was used for the ferrite

phase and the boundaries. Figure 11 demonstrates the stress–

strain curves obtained from numerical simulations.

The average of the three curves obtained from image

processing-based simulations is compared with the mea-

sured data in Fig. 12. The average yield point and ultimate

stress are 624 and 956 MPa, respectively. The graph shows

that the simulation predictions are in a good agreement

with the experimental results. The difference between the

measured and predicted parameters, such as the yield point

and ultimate stress, is less than 3% which shows the suit-

ability of the presented image processing technique as well

as the GTN damage model and its parameters. It is clear

from Fig. 12 that the curves display trends similar to those

measured, however, the only difference between the sim-

ulated and measured data is the drop off in the simulated

curves after the strain corresponding to the ultimate stress.

This difference stems from the use of the GTN damage

model, in which the material does not fail instantaneously.

Table 4 Damage parameters for AISI 5115 dual-phase steel

q1 q2 f0 eN fn sN ff fc

1.08 0.94 0.001 0.2 0.04 0.2 0.29 0.08

Fig. 11 Stress–strain diagram

obtained from three different

numerical simulations (the FE

models created based on

different SEM images)
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Figure 13 shows the von Mises stress on the model by

increasing the level of the applied strain. It should be

mentioned that the region shown in this picture was in the

middle of the volume element away from the influence of

the boundaries. In the first step, as shown in Fig. 13(a, b),

by increasing the strain, the stress level in martensite grains

increases. When the applied strain is about 4%, which is

the martensite’s critical failure strain, the stress concen-

tration in some martensite grains reaches its ultimate value.

At about 6% of applied strain, the stress in the martensite

grains starts to diminish. This is mainly due to the overall

reduction in stress after the ultimate stress in the stress–

strain curve. In other words, the stress would reduce after a

critical strain in the GTN model.

Looking at the ferrite grains, the stress is almost uniform

up to a strain of 2%. When the strain reaches a value of 4%,

the boundaries begin to fail and at the failure locations the

ferrite grains undergo large stresses. Figure 13(c) illus-

trates a high stress concentration in a narrow area, which

plays an important role in the deformation of ferrite grains.

The failure line is actually the connection of lines in which

the ferrite grains have high stress and are failing.

In summary, by increasing the strain, the deformation of

ferrite grains increases. Further increase in strain causes the

failure of the material and the nucleation of voids, mainly

in boundary regions.

The triaxiality was calculated inside grains and at the

phase boundaries. The results indicate that the average of

Fig. 12 Comparison between

the stress–strain curves obtained

from experiment and image

processing-based simulations

Fig. 13 Stress distributions in different phases of the material at different loading steps (region 1 in Fig. 3). (a) The whole model. (b) Martensite

grains. (c) Ferrite grains and boundaries
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triaxiality at phase boundaries is more than two times higher

than its value in the center of the grains. This verifies the fact

that voids nucleate and grow in grain boundaries. Figure 13

clearly shows that the deformation of the material is

accompanied by the nucleation of voids. The results show

that the nucleation occurs in phase boundary areas.

In contrast to ferrite, martensite grains are rigid and can

tolerate loading without large deformation. This results in a

higher stress level in martensite grains in comparison to the

ferrite grains.

The suggested mechanism is in accordance with the

typical fracture mechanism of DP steels reported in the

literatures [2, 15].

Figure 14 shows the SEM micrograph of tensile samples

fractured at room temperature. As can be observed, the

fracture surface contains both ductile and brittle features. In

other words, both cleavage facets and dimples can be seen in

Fig. 14. This mixed mode of dimple rupture and cleavage is

often called quasi-brittle fracture. Cleavage and dimple

fraction areas in Fig. 14 can be compared with the ferrite/

martensite volume fractions obtained from SEM images of

the microstructure (Fig. 3). As is known, ferrite is a ductile

phase and fractures with void formation and coalescence

and, therefore, will usually be fractured with dimpled fea-

tures. On the other hand, martensite is a brittle phase and

usually fractures in cleavage mode. It is seen that trans-

granular cleavage facets due to martensitic fracture regions

are surrounded by small and shallow dimples of ferrite rup-

ture. There are also some deep dimples that generally exist in

the interphase between the cleavage and surrounding dim-

pled areas. It could be said that primary voids are responsible

for these deep dimples and, therefore, voids should be

formed at first in the interface of martensite and ferrite.

As was discussed earlier, the fracture occurs in the

regions where ferrite grains experience severe deformation,

and as a result voids would nucleate in these areas. Dim-

ples can be observed in the fracture surface of the tensile

specimen shown in Fig. 14. They are indications for void

initiation in the material. On the other hand, the martensite

will fail by cleavage mechanisms in regions where stress

concentration occurs.

Comparison Between Results Obtained from Random

Geometry Generation and Experimental Data

In this section, the polycrystal topology is created by a

random geometry technique based on the Voronoi tessel-

lation [16]. Based on the data represented in Figs. 7 and 8,

three different random microstructures with ferrite and

martensite grain sizes of 15 and 14 lm were constructed.

As the number of grains in SEM images was in the range of

80–100, therefore, a number of 100 grains was placed in all

random images. The global properties of all models are

equal but the distribution of ferrite and martensite grains in

the models are different.

In this section, the properties of phases, boundaries, and

GTN damage parameters are similar to those which were used

for the image processing method of ‘‘Comparison between

results obtained from SEM image processing technique and

experimental data’’ section. As mentioned previously, the

mesh size of the boundaries was considered smaller than the

mesh size of the grains to develop a more precise simulation of

the interaction between the boundaries and the grains. A

typical mesh for a portion of the model is depicted in Fig. 15.

Figure 16 shows the calculated stress–strain diagrams

from three models with random microstructures. These

macroscopic stress–strain responses were obtained through

a homogenization procedure as follows. Macroscopic stress

for discrete FE volume is defined as

X

ij ¼
Pn

1 rij8n

8 ; ð8Þ

where n is number of finite elements and 8n is volume of

nth element. The strains are calculated analogous:

Eij ¼
Pn

1 eij8n

8 ð9Þ

The plot is for equivalent stress on the basis of equivalent

strain. The equivalent stress is calculated by

X

eqv

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3

2

X

0

ij

X

0

ij

v

u

u

t ð10Þ

in which

X

0

ij

¼
X

ij

�ð1
3
Þ
X

kk

ð11Þ

Fig. 14 SEM micrograph showing dimple and cleavage rupture

mechanisms at the fracture zone
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and equivalent strain can also be calculated by

Eeqv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

2

3
EijEij

r

ð12Þ

in which

Eij ¼ Eij � ð1
3
ÞEkk: ð13Þ

Figure 16 indicates that the results are independent of

grain topology. In addition, it should be mentioned that the

disturbances are due to the grain’s sharp geometrical

shapes. The maximum difference between the results is

about 10% for the various random models.

The average of the above three stress–strain curves is

compared with the experimental results in Fig. 17. The

agreement between the results is acceptable, and the maxi-

mum difference is about 10%. The yield stress estimated

from the random model simulation and experimentation is

approximately 620 and 640 MPa, respectively. The ultimate

stress predicted from both diagrams is around 960 MPa and

the material failure strain is 3.5%.

Figure 18(a) shows that when the steel fails in the

Voronoi crystal model, a void is initiated from the

boundary and then propagates through it. This is similar to

the results obtained from the image processing simulation

in which some voids initiate between phases and then

expand over the length of the grain boundary path. How-

ever, some voids in the image processing simulation may

grow in the boundary or through the ferrite grains.

As shown in Fig. 18(a), according to the simulation

results, voids initiate from areas between two martensite

grains. By increasing the strain level, the martensite grains

are separated from each other which is in agreement with

Fig. 15 Mesh of grains and

boundaries created by the

random geometry technique

Fig. 16 Engineering stress–

strain diagrams obtained from

different random models
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the experimental observations reported in the literature for

high density martensite DP steels [2]. By further increasing

the applied strain, the voids expand and cracks start

growing between the ferrite and martensite grains

(Fig. 18b). This phenomenon can also be observed in the

SEM images taken from the DP steel [2]. In the next phase

of deformation when the strain is 8%, the damage propa-

gates through the ferrite grains (Fig. 18c). This causes

severe deformation of the material in the phase boundary

region and ferrite grains. Separated boundaries and dam-

aged ferrite grains eventually coalesce together and direct

the final failure and breakage of the model (Fig. 18d).

The von Mises stress distribution over the grains shows a

trend similar to that observed in the model created from

image processing approach. The results indicate that at a

strain of 4%, the value of the stress on the martensite grains is

higher than that on the ferrite ones. Again, at the points in

which the void is initiated, the level of stress has reduced.

The results of simulations indicate that the modelling of

phase boundaries play an important role in predicting the

failure mechanisms of the material, and by incorporating

the boundaries into the model it is possible to properly

forecast the failure mechanisms of DP steels.

The results obtained from the finite element model show

that the failure always initiates at boundaries and then

grows over them to form the final failure of the material.

However, the experimental observations show that in

addition to the boundaries, failure can occur inside the

ferrite grains. Therefore, a better model is required to more

accurately simulate the different mechanisms involved in

the failure of DP steels.

Conclusions

Experimental and numerical investigations were carried

out to study the characteristics and failure mechanisms of

DP steels. Two different models were constructed based on

SEM images by employing two approaches: image pro-

cessing technique and the Voronoi tessellation method.

Fig. 17 Comparison between

stress–strain diagrams obtained

from the random model-based

simulations and experiment

Fig. 18 Deformation of different phases of material at different load steps. (a) Strain 4%. (b) Strain 6%. (c) Strain 8%. (d) Strain 10% (randomly

created model, red boundary, blue martensite grains, gray ferrite grains, white voids)
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The results of the measurements showed that the failure

pattern for ferrite and grain boundaries is not severely

deviated from classical ductile failure. For this reason, the

GTN damage model was assigned to the ferrite grains and

to the phase boundaries. The stress–strain curves obtained

from experimental and numerical results showed a good

degree of correlation. The results also indicated that the

relative deformation of martensite grains causes high

deformation localization in the ferrite matrix and plays an

important role in the final failure of the material. The

failure of boundaries between ferrite–ferrite or ferrite–

martensite grains initiates void nucleation and growth. The

slip of the martensite grains on each other causes severe

deformation of the boundaries located between them,

which results in the accelerated failure of the material.
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