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NUMERICAL ANALYSIS OF INFLUENCE OF THE MARTENSITE VOLUME FRACTION ON DP STEELS BEHAVIOR DURING
PLASTIC DEFORMATION

ANALIZA NUMERYCZNA WPŁYWU UŁAMKA OBJĘTOŚCI MARTENZYTU NA ZACHOWANIE STALI DP PODCZAS
ODKSZTAŁCENIA PLASTYCZNEGO

Development of a comprehensive fracture model, which takes into account crack initiation and propagation behavior at
the microscale level in the Dual Phase (DP) steels is presented in the present paper.

At this stage of the research Authors proposed a numerical model, which takes into account ductile crack initiation and
propagation through the ferrite phase. Developed model is based on digital material representation (DMR) of DP microstructure,
which takes opportunity for modeling crack phenomena in an explicit manner. Proposed model of ductile crack behavior in the
ferritic phase is based on the Johnson-Cook model. Particular attention is put on investigation of influence of martensite volume
fraction in microstructure on failure behavior. Obtained results for two significantly different martensite volume fractions in
the investigated microstructure are presented in this work.

Keywords: fracture, dual-phase steel, digital material representation

Celem niniejszej pracy jest opracowanie kompleksowego wieloskalowego modelu pękania uwzględniającego mechanizmy
inicjalizacji oraz propagacji uszkodzeń na poziomie mikrostruktury w stalach dwu fazowych typu dual-phase (DP).

Na tym etapie pracy zaproponowano model numeryczny, który uwzględnia mechanizmy powstawania i propagacji pęk-
nięć o charakterze ciągliwym. Opracowany model bazuje na jawnej cyfrowej reprezentacji mikrostruktury, która pozwala na
dokładne odzwierciedlenie zjawiska pękania występującego w materiale. W modelu wykorzystano podejście oparte o model
Johnsona-Cooka do opisu ciągliwego pękania propagującego się w ferrycie. Głównym celem pracy jest analiza wpływu ułamka
objętości martenzytu w mikrostrukturze na charakter propagacji pęknięć. Opracowany model oraz uzyskane wyniki obliczeń
dla dwóch mikrostruktur o diametralnie różnym ułamku objętościowym martenzytu przedstawiono w niniejszej pracy.

1. Introduction

Significant need presented by an automotive and
aerospace industry for new metallic materials that can meet
strict requirements regarding weight/property ratio has been
recently observed. This need is a driving force for fast de-
velopment of modern innovative steel grades. The number of
new steel grades developed from the year 2000 has increased
exponentially [1]. A series of innovative steels (TRIP, TWIP,
DP, Bainitic, nano-Bainitic etc.) as well as other metallic ma-
terials e.g. aluminium, magnesium, titanium or copper alloys
is being developed in various research laboratories around the
world [2-6]. Complex thermomechanical operations are ap-
plied to obtain highly sophisticated microstructures with com-
bination of e.g. large grains, small grains, inclusions, precipi-
tates, multi-phase structures etc. It is commonly believed that
these microstructure features and interaction between them
at the micro-scale level during manufacturing or exploita-
tion stages result in highly elevated material properties at the
macro-scale. As a result significant increase in the application

of these modern steels to auto body components production
has been observed [7-9].

One of those new steel grades are advanced high strength
steels (AHSS). They provide a possibility of reducing the au-
tomobile weight (increase of the fuel efficiency), while main-
taining or even increasing their safety (crash worthiness).

Example of those advances steels are Dual Phase (DP)
thin steels, with the tensile strength of 400-1200 MPa. They
have been successfully applied in the production of the au-
tomobile structural parts because they are characterized by
combination of a good formability, high bake hardenability
and crash worthiness. These elevated properties are the results
of the properly designed microstructure morphologies, which
consists mainly of ferrite matrix (around 70-90%) and a hard
martensitic phase (around 10-30%) as seen in Fig. 1. The usual
approach used to obtain a DP ferritic-martensitic steel is the
annealing of a ferritic-pearlitic structure in the α+γ two-phase
region, called intercritical annealing, followed by controlled
cooling, enabling the austenite to transform into martensite.
Properties of DP steels are affected by many factors, includ-
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ing: volume fraction of martensite, average carbon content and
carbon distribution in martensite, ductility of martensite, dis-
tribution of martensite, ferrite grain size, carbon and alloying
elements content in ferrite [10-12].

Fig. 1. Dual phase steel containing 27% of martensite

Required combination of DP steel properties is usually
obtained by proper balance between chemical composition of
DP steels and processing parameters. However, it seems that
the higher the strength level of a DP grade, the more com-
plicated becomes the manufacturing of those steels, because
of high deformation forces and failure probability. In gener-
al, response of the DP steels to deformation modes is very
complex, and depends on many factors. Mentioned increase
of the difference in strength between soft matrix and marten-
site constituent leads to inhomogeneous material deformation.
Due to combination of two phases with significantly differ-
ent properties, the problem of failure during manufacturing
stages is of importance. Technical literature describing the
effect of microstructural parameters on the properties of DP
steels provides adequate knowledge, however, the problem of
failure is still not solved. And this issue has a crucial charac-
ter for practical applications. The majority of works dealing
with failure is based on fundamental experimental research
[13-15]. To investigate this complex issue a state-of-the-art
experimental equipment have to be used e.g. in-situ deforma-
tion, electron microscopy, SEM/EBSD/FIB. Initial work real-
ized on the basis of such equipment has been recently used in
several research institutes and proved its efficiency in micro
scale analysis of crack.

To support this fundamental experimental research and
lower the costs of such investigation, a numerical modelling
techniques can be applied. The finite element method is the
main tool usually used in many research facilities to simulate
various deformation processes and it gives satisfactory results.
This method is used to describe material behaviour as a con-
tinuum and it is based on general relationships between strains
and stresses despite the presence of various phases in a DP
steel. To obtain accurate flow stress data, that are necessary
for the FE analysis, a series of plastometric tests in various
deformation conditions (temperatures and strain rates) is per-
formed. To take into account the heterogeneities related, for
example to friction, an inverse analysis is applied. That way
stress-strain relationship that is insensitive to a sample geom-
etry type of the test etc., is obtained. Due to the fact that large
scale problems containing billions of grains are considered,
the major assumption of the mentioned approach is that be-

haviour and interaction of particular grains is averaged in form
of one single flow stress model. This procedure is well estab-
lished and is widely used to solve problems occurring during
material deformation at the macroscale. To extend numeri-
cal modelling capabilities the FE codes are usually combined
with different crack models based on Johnson-Cook criterion
or more sophisticated methods like eXtended Finite Element
Methods [16]. It can be stated that the fracture modelling in
these approaches is again mainly simulated at the macroscopic
scale level because the morphology of the microstructure e.g.
of dual phase steels is neglected. At the same time experi-
mental research has proved that the size, shape or position of
the hard martensitic phase directly influences failure initiation
and propagation.

That why the main aim of the proposed approach by the
Authors is to create a robust model of failure for DP steels
based on modern numerical approaches that take microstruc-
ture explicitly during deformation. One of the solution to cre-
ate such a micro scale model is a Digital Material Repre-
sentation (DMR) idea intensively developed by the Authors
[17-18].

2. Digital representation of the dual-phase steel
microstructure

The concept of the DMR has been proposed recently and
it is dynamically evolving. The main objective of the DMR
is creation of the digital representation of microstructure with
its features represented explicitly as seen in Fig. 2. The DMR
basic concept creates possibility to describe material at vari-
ous scales. Such approach offers gathering and processing of
metallurgical data, which is related to each other at the dif-
ferent levels of description. Thus, the complex DMR system
consists of several software modules. Some of these modules
are dedicated to selected single scales, e.g. characterization
of material microstructure (micro-scale). On the other hand,
the rest of the modules span some of the scales together to
perform multi-scale calculations, e.g. micro shear and shear
bands or dynamic recrystallization.

Fig. 2. a) Initial optical microstructure, b) digital microstructure ob-
tained after image processing, and c) digital microstructure with the
finite element mesh generated in mesh generator [19-21]
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The more precise DMR is applied, the more realistic re-
sults of calculations regarding material behaviour are obtained.
Due to that conclusion, the detailed virtual analysis of simula-
tion results can be performed, while errors of calculations are
minimized. This allows the replacement of the conventional
methods, dedicated to determination of material properties,
by the computer automatic analysis, which connects DMR
with modelling of manufacturing processes and with digital
analysis of results. The DMR can be used during calculations
as a Unit Cell or Representative Volume Element (RVE), de-
pending on what kind of information are required: local or
global, respectively. Usually several Unit Cells are considered
as RVE. Literature review on various methods that are used
during creation of microstructure morphology of both single
and two phase microstructures are in earlier authors works
[22-23].

Due to the complex shapes of phases in an investigat-
ed dual phase steels, the DMR model will be created on the
basis of real microstructures images obtained from optical mi-
croscopy. Developed model will be the basis for the creation
and identification of robust ductile failure model for DP steels.

3. Preparation of digital material representation
approach

Due to the fact that only part of the sample is replicat-
ed during numerical simulation to ensure the space continu-
ity the periodic boundary conditions are taken into account.
However, digital microstructures created on the basis of mi-
croscopy image are not periodic, that is why before adopting
periodic boundary conditions to the DMR Authors added a
specific buffer zone to create an investigated Unit Cell. That
way transferring of displacement field between left and right
border in the model is possible [24]. Schematic representation
of the buffer zone with applied periodic boundary conditions
is shown in Fig. 3.

Fig. 3. Periodic boundary conditions applied for the two edges of the
DMR model

As mentioned ductile crack prediction in microstructures
with different amount of martensite fraction is addressed with-
in the present research. Two numerical models based on two
different digital material representations were created simulta-
neously. Both DMR were prepared from images representing
real microstructures of the DP steel received after quenching

process. Two various quenching conditions were applied to
differentiate amount of martensite. In the first case cooling rate
equal to 1◦C/s was applied, while in the second case it was
equal to 475◦C/s. As a results two microstructure morpholo-
gies were obtained with martensite volume fractions: 24.5%
and 64.5%, respectively as seen in Fig. 4. In the case of Dual
Phase steels obtained morphology of micro scale features is
closely related to e.g. cooling conditions, state of the initial mi-
crostructure, level of alloying elements etc. Thus, the problem
of representatives of investigated microstructures both from
experimental and numerical point of view remains open [25].
That is why for the purpose of development of DMR Unit
Cell representations, Authors selected microstructures located
in the center of the plate where the most uniform processing
conditions are expected.

Fig. 4. Real microstructures of dual phase steel made after quenching
process with speed a) 1◦C/s and b) 475◦C/s (courtesy of prof. Roman
Kuziak IMŻ Gliwice)

Fig. 5. Digital material representations used in the first type of simu-
lations with materials definitions a) 24.5% of the martensite b) 64.5%
of the martensite

For both simulations the same material properties for the
martensite and ferrite phases were used. Based on simple rule
of mixture different material definitions were adopted to sur-
rounding buffer zone for the two investigated cases (Fig. 4).
As a results material properties of the buffer zone are associat-
ed with percentage amount of ferrite and martensite structure
and can be considered as properties of homogenous material.
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Obtained digital material representation were discretized with
high mesh density along phase boundaries were large solu-
tion gradients are expected. Number of finite elements used
for discretization was set to about 100000. Three node linear
plane strain triangle finite elements (CPE3) were chosen for
the discretization purposes. The applied specific mesh was
obtained with developed FE mesh generation software [23].
Models were created in commercial Abaqus application and
calculated using explicit solver. Boundary conditions present-
ed schematically in Fig. 5 were applied during calculations.

4. Ductile failure investigation

Ferrite phase during large plastic deformation fails by
ductile failure mechanisms. For resolving problem of ductile
crack initiation and propagation Authors decided to use duc-
tile criterion approach. In ductile criterion it is assumed that
the equivalent plastic strain at the onset of damage, εpl

D is a
function of stress triaxiality and strain rate [26]:

ε̄
pl
D

(
η,˙̄εpl

)
=
ε+

T sinh[k0(η− + η)] + ε−T sinh[k0(η − η+)]
sinh[k0(η− − η+)]

(1)

where: ε+
T and ε−T – equivalent plastic strain for equibiaxial

tensile and equibiaxial compressive deformation respectively,
η+ and η− – stress triaxiality (a ratio of the equivalent mean
stress σm to the Mises equivalent stress σeq) for equibiaxial
tensile and equibiaxial compressive deformation respective-
ly, k0 – parameter obtained experimentally. These parameters
depend on the material, strain rate and temperature of the
process. Failure in this model occurs when state variable de-
fined by (2) reaches value of 1.

wD =

∫
dε̄pl

· pl
ε̄

pl
D (η, ε̄ )

= 1 (2)

where: dεpl – plastic strain increment per simulation unit time.
The crack initiation parameters for ferrite failure were

adopted in the present work based on [27] and its evolution is
presented in Fig. 6.

Fig. 6. Derived damage curve for ferrite in DP steel [27]

Examples of obtained results based on described DMR
approach combined with ductile failure criterion are present-
ed in Fig. 7. Because real microstructure morphology is taken

into account highly inhomogeneous strain distribution is ob-
tained during deformation. Major part of accumulated plastic
strain is within the softer ferrite phase. Zones where strain
value is high e.g. due to morphological features can be the
locations of ductile crack initiation according to (2). In mod-
els with different martensite volume fractions, level of the
strain localization during deformation between martensite is-
lands is significantly dissimilar. As a results in the model with
lower martensitic volume fraction cracks start to initiate and
propagate in the end of the deformation. While in the second
model due to higher strain localization resulting from large
area fraction of hard martensite, cracks start to initiate earlier
during the deformation. Differences in the failure process be-
tween these two investigated microstructures is clearly visible
in Fig. 7.

Fig. 7. Numerical results of ductile cracks for microstructures with
a) 24.5% and b) 64.5% of martensite volume fraction

Fig. 8. Stress-Strain curves representing comparison between models
with and without included ductile crack model

Discrepancies that can appear during numerical simula-
tion if failure model is not taken into account are presented
in Fig. 8. The same process conditions were applied during
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deformation. The only difference was consideration of ductile
failure model. Such comparison clearly highlights how it is
important to consider failure models in simulations of such
complex microstructures.

However, not only detailed information regarding inho-
mogeneous strain distribution, and fracture propagation during
deformation can be obtained. Using this approach a response
in the form of flow stress model can be obtained as seen in
Fig. 8. Then it can be used during macro scale calculation
of behavior of a complete automotive components during the
procedure of manufacturing chain modeling [28]. A relations
between microstructure morphology and its properties can be
directly established using the presented approach.

5. Conclusions and future work

Inhomogeneous strain distribution and crack propagation
in the microstructure of dual-phases steel simulated on the
basis of digital material representation was presented in the
paper. The major conclusion from the research is that it is
important to include representation of geometry of the phases
structure during numerical simulations. Precise consideration
of shape of the phases received after quenching process al-
low to predict inhomogeneous strain distribution across mi-
crostructure during further processing operation. The strain
localization zones seems to be the locations for ductile cracks
initiation. It can also be concluded that by application of the
DMR with the ductile criterion it is possible not only to simu-
late crack initiation and subsequent propagation but also make
relations between micro scale behavior and macroscopic re-
sponse.

The next part of the work will be based on modeling
brittle and ductile cracks at the same time, as based on ex-
perimental research ductile failure initiation in ferrite is also
related to brittle cracks propagation in martensite phase.

Acknowledgements

Financial assistance of the MNiSW Project no. 11.11.110.080
is gratefully is acknowledged. The numerical model was developed
by grant with the number: MNiSW/IBM BC HS21/ AGH/076/2010.

REFERENCES

[1] U. J a r o n i, K.P. I m l a a u, B. O s b u r g, Conf. Proc.
ASK25, Aachen (2010).

[2] H. B e l a d i, Y. A d a c h i, I. T i m o k h i n a, P.D. H o d g -
s o n, Scripta Mater. 60, 455-458 (2009).

[3] L.T. R o b e r t s o n, T.B. H i l d i t c h, P.D. H o d g s o n,
Inter. Jour. of Fatigue 30, 587-594 (2008).

[4] I. S a b i r o v, Y. E s t r i n, M.R. B a r n e t t, I. T i m o k h i -
n a, P.D. H o d g s o n, Acta Mater. 56, 2223-2230 (2008).

[5] I.B. T i m o k h i n a, P.D. H o d g s o n, S.P. R i n g e r, R.K.
Z h e n g, E.V. P e r e l o m a, Scri. Mater. 56, 601-604 (2007).

[6] L. S u n, K. M u s z k a, B.P. W y n n e, Scri. Mater. 64,
280-283 (2011).

[7] U. L i e d l, S. T r a i n t, E.A. W e r n e r, Comp. Mater. Sci.
25, 122-128 (2002).

[8] M.H. S a l e h, R. P r i e s t n e r, Jour. of Mater. Proc. Tech.
113, 587-593 (2001).

[9] A. B a y r a m, A. U g u z, M. U l a, Mater. Charac. 43,
259-269 (1999).

[10] G.R. S p e i c h, R.L. M i l l e r, Metall. Soci./TMS-AIME. 3,
279-304 (1981).

[11] G.R. S p e i c h, R.L. M i l l e r, Metall. Soci./TMS-AIME 145,
62-90 (1979).

[12] J. Q u, W. D a b b o u s s i, F. H a s s a n i, J.A. N e m e s, S.
Y u e, The Ir. and St. Insti. of Japan (ISIJ Intern.) 45, 1741-1746
(2005).

[13] M.J. H a d i a n f a r d, Mater. Sci. and Eng. A 499, 493-499
(2009).

[14] T. H i l d i t c h, H. B e l a d i, P. H o d g s o n, N. S t a n -
f o r d, Mater. Sci. and Eng. A 534, 288-296 (2012).

[15] M.J. M o l a e i, A. E k r a m i, Mater. Sci. and Eng. A 527,
235-238 (2009).

[16] T.T. Y u, P. L i u, Arch. of Civ. and Mech. Eng. 11, 787-805
(2011).

[17] L. M a d e j, P.D. H o d g s o n, M. P i e t r z y k, Comp.
Mater. Sci. 41(2), 236-241 (2009).

[18] L. M a d e j, L. R a u c h, C. Y a n g, Arch. of Metall. and
Mater. 54(3), 557-565 (2009).

[19] L. M a d e j, L.P. C y b u l k a, K. P e r z y ń s k i, L.
R a u c h, Comp. Meth. in Mater. Sci. 10, 375-380 (2011).

[20] L. M a d e j, K. P e r z y ń s k i, W. W a j d a, H. P a u l, P.
C y b u ł k a, L. R a u c h, Steel Res. International, Steel Re-
search Int., Special Edition, 854-859 (2011).

[21] L. M a d e j, L. R a u c h, K. P e r z y ń s k i, P. C y b u ł k a,
Arch. of Civ. and Mech. Eng. 11, 661-679 (2011).

[22] L. M a d e j, J. S z y n d l e r, K. P a s t e r n a k, M. P r z e n -
z a k, L. R a u c h, Mater. Scie. & Tech., Columbus, USA,
232-243 (2011).

[23] L. M a d e j, F. K r u ż e l, P. C y b u ł k a, K. P e r z y ń s k i,
K. B a n a ś, Comp. Meth. In Mater. Sci. 12(2), 85-96 (2012).

[24] K. P e r z y ń s k i, Ł. M a j o r, Ł. M a d e j, M. P i e t r z y k,
Arch. of Metall. and Mater. 56(2), 393-399 (2011).

[25] M. O s t o j a - S t a r z e w s k i, Inter. Jour. of. Plast. 21(6),
1119-1160 (2005).

[26] H. H o o p u t r a, H. G e s e, H. D e l l, H. W e r n e r, Inter.
Jour. of Crash. 9(5), 449-464 (2004).

[27] N. V a j r a g u p t a, V. U t h a i s a n g s u k, B. S c h m a l -
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