
 http://ijd.sagepub.com/
Mechanics

International Journal of Damage

 http://ijd.sagepub.com/content/early/2013/02/21/1056789512468914
The online version of this article can be found at:

 
DOI: 10.1177/1056789512468914

 published online 12 March 2013International Journal of Damage Mechanics
MS Niazi, HH Wisselink, VT Meinders and AH van den Boogaard

Material-induced anisotropic damage in DP600
 
 

Published by:

 http://www.sagepublications.com

 can be found at:International Journal of Damage MechanicsAdditional services and information for 
 
 
 

 
 http://ijd.sagepub.com/cgi/alertsEmail Alerts: 

 

 http://ijd.sagepub.com/subscriptionsSubscriptions:  

 http://www.sagepub.com/journalsReprints.navReprints: 
 

 http://www.sagepub.com/journalsPermissions.navPermissions: 
 

 What is This?
 

- Mar 12, 2013OnlineFirst Version of Record >> 

 at Universiteit Twente on March 14, 2013ijd.sagepub.comDownloaded from 

http://ijd.sagepub.com/
http://ijd.sagepub.com/content/early/2013/02/21/1056789512468914
http://www.sagepublications.com
http://ijd.sagepub.com/cgi/alerts
http://ijd.sagepub.com/subscriptions
http://www.sagepub.com/journalsReprints.nav
http://www.sagepub.com/journalsPermissions.nav
http://ijd.sagepub.com/content/early/2013/02/21/1056789512468914.full.pdf
http://online.sagepub.com/site/sphelp/vorhelp.xhtml
http://ijd.sagepub.com/


XML Template (2013) [26.2.2013–1:09pm] [1–32]
//blrnas3/cenpro/ApplicationFiles/Journals/SAGE/3B2/IJDJ/Vol00000/130062/APPFile/SG-IJDJ130062.3d (IJD) [PREPRINTER stage]

Original Article

Material-induced anisotropic
damage in DP600

MS Niazi1, HH Wisselink1, VT Meinders2 and
AH van den Boogaard2

Abstract

Plasticity-induced damage development in metals is anisotropic by nature. The anisotropy in damage is

driven by two different phenomena: anisotropic deformation state i.e. load-induced anisotropic damage

(LIAD) and anisotropic microstructure i.e. material-induced anisotropic damage (MIAD). The contribu-

tion of second-phase particles can be anisotropic in terms of shape as well as distribution. Most of the

continuum anisotropic damage models mimic the phenomenon of LIAD only. Not much attention has

been paid to MIAD. This work shows the existence of MIAD in a (pre-production) grade of dual-phase

steel (DP600). The aim is to see the influence of MIAD on post-localization deformation behavior and final

failure mode. The deformation in this material is almost isotropic up to localization but the post-localiza-

tion deformation and final failure mode is different when loaded in 0� and 90� to rolling direction. Tensile

specimens were deformed up to final failure. A few specimens were stopped just before the final failure.

Scanning electron microscopic analysis was carried out to study martensite morphology and damage in

these specimens. The martensite morphology showed anisotropy in shape and orientation in the unde-

formed specimens. Significant MIAD was observed in the deformed tensile specimens due to the aniso-

tropic martensite morphology. MIAD explains direction-dependent post-localization deformation, final

failure mode, and formability of this material. Lemaitre’s anisotropic damage model is modified to account

for MIAD in a phenomenological manner. The MIAD parameters were determined from tensile tests

carried out in 0�, 45�, and 90� to the rolling direction.
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Introduction

Public safety concerns and global fuel crisis is driving the steel industry to develop high-strength low-
weight steel grades. Development of advanced high-strength steels (AHSS) is one of the biggest suc-
cess in this regard. AHSS are dual or multi-phase steels. Generally, a dual-phase (DP) steel contains
hard second-phase particles i.e. martensite embedded in a soft matrix of ferrite. The advantage of this
configuration is that a high strength to weight ratio is achieved. A disadvantage is that the difference in
the deformation characteristics of the two phases leads to limited ductility. When the material is
deformed plastically, the hard second-phase particles either break or get de-bonded from the
matrix material (Hoefnagels, Tasan, Pradelle et al., 2008; Tasan, Hoefnagels, ten Horn et al.,
2009; Tasan, Hoefnagels, and Geers et al., 2010). This phenomenon generates voids in the material,
which grow on further deformation and then coalesce with each other to form a mesocrack. The
process of void nucleation, growth, and coalescence is called ductile damage. Damage not only
restricts the formability during the forming process but also reduces the strength of the end product.
Therefore damage material models are required for final product strength and failure predictions and
to determine the forming limit curve for these advanced materials (Chow and Jie, 2009).

Almost half a century ago Kachanov (1958) introduced a scalar variable to represent material
damage. Kachanov also introduced the concept of effective stress. This concept is based on con-
sidering a fictitious undamaged configuration of a body and comparing it with the actual damaged
configuration. This was the beginning of a whole new field of continuum damage mechanics (CDM).
Following Kachanov’s work researchers applied CDM to their own fields of expertise, such as brittle
materials (Krajcinovic, 1983; Foneska, 1981; Krajcinovic, 1996; Voyiadjis, Taqieddin, and Kattan
et al., 2009 and ductile materials (Lemaitre, 1984; Lemaitre, 1985; Kachanov, 1986; Chow and Wang
1987; Murakami, 1988). In the past two decades, CDM has been applied extensively to plasticity
(Lubarda and Krajcinovic (1995); Voyiadjis and Kattan, 1999; Voyiadjis and Park, 1999; Voyiadjis
and Deliktas, 2000; Chow and Yang, 2004). Damage is defined as an internal state variable in the
irreversible thermodynamic framework. Damage thermodynamic in material will dissipate energy.
Any damage growth evolution law can be defined as far as this thermodynamic condition is met. The
damage variable can be selected as a scalar quantity or any even ordered tensor. Recently a com-
parative study on different damage variables was carried out by Voyiadjis and Kattan (2009).
The isotropic (scalar) definition of damage is the most simple one to implement and thus has
been widely used by researchers. Researchers have already realized that the process of damage is
anisotropic in general (Krajcinovic, 1996; Chow and Wang,1987; Lee, Peng, and Wang, et al. 2004;
Niazi, Wisselink, and Meinders et al., 2012). To introduce anisotropy in damage one must define a
tensorial damage variable. It was shown with the help of a Fourier-type infinite series expansion of
the crack density distribution function (Kanatani, 1984) that damage tensors are restricted to even
order tensors (Krajcinovic, 1996). Theoretically, an infinite-order damage tensor will give exact
predictions as it will represent the actual crack density distribution of the material. Nevertheless,
for implementation purpose, the series has to be approximated up to a lower even order tensor. The
higher the order of the damage tensor selected, the more accurate the predictions will be (and the
more complex will be the formulations). A sixth-order tensor may give better predictions in com-
parison to a second-order tensor but at the cost of a very high complexity. Despite the complexity,
the sixth and fourth order damage tensors have been implemented by researchers in the form of
fabric tensors, a more physical form of the damage tensor. (Krajcinovic, 1996, Voyiadjis and
Kattan, 2006) Fourth-or sixth-order damage tensors are necessary when applying the model on
materials like rocks (Krajcinovic, 1996). For ductile metals, where damage is driven by plastic
strains, selection of an orthotropic damage anisotropy is sufficient which requires only a second-
order damage tensor.
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The anisotropy in damage can be driven by two different phenomena: anisotropic deformation
state (load-induced anisotropic damage, LIAD) and anisotropic second-phase particle distribution
(material-induced anisotropic damage, MIAD) (Niazi, Wisselink, andMeinders et al., 2012). LIAD is
related to the direction of loading. Generally, damage grows faster in the direction of maximum
principal stress irrespective of the anisotropy in the second-phase particles and/or microstructure.
Figure 1(a) shows how the stress state induces anisotropy in void growth. Figure 1(b) shows the
scanning electron microscope (SEM) image of the fracture surface of DP600 broken tensile specimen.
It is evident that the shape of the voids results in minimum cross-sectional area in the loading direc-
tion. Therefore the material mainly weakens in the loading direction (maximum damage in loading
direction). Most of the available anisotropic continuum damage models account for LIAD only, as
the damage parameters used in the damage evolution law are direction independent (Chow andWang,
1987; Niazi, Wisselink, and Meinders et al., 2012; Lemaitre and Desmorat, 2005). Some anisotropic
continuum damage models do take direction-dependent damage parameters into account but those
parameters are based on the elastic/plastic anisotropy of the material (Shen, Peng, and Tang et al.,
2005), or by determining the crack density distribution (Hammi and Horstemeyer, 2007; Hammi,
Horstemeyer, and Bammann et al., 2004).

MIAD is a phenomenon in which damage behavior of the material changes for the same loading
conditions applied in different directions. Figure 2(a) shows the engineering stress–strain curves for
1mm thick DP600 sheet in the 0� to rolling (RD) and 90� to rolling (TD) directions. The material is
regarded plastically isotropic as the r-value (Lankford’s coefficient) is approximately equal to one for
this material. Until diffuse necking, the material behaves the same in both directions. A deviation
can be observed after the maximum stress is obtained. The specimen in RD fails at approximately
23% engineering strain whereas the specimen in the TD fails at approximately 26% engineering
strain. Note that the engineering stress level at which the material fails is approximately the same for
both directions. The difference in failure strain (engineering) is due to the difference in the softening
behavior. Differences were also found in the deformation and failure modes (of these tests).
These differences are discussed in detail in the ‘Results’ section. Another example of MIAD
is given in Figure 2(b). This figure shows SEM images of a scoring process in a low carbon steel.
In the left image the RD is in plane while the TD is out of plane. Coalescence of voids is observed
in this case. On the other hand, in the right image, the TD is in plane while the RD is out of plane.
No coalescence is observed in this case. In both the examples, the damage behavior depends on the

Figure 1. (a) Load-induced anisotropic damage and (b) SEM image showing oblong voids in fracture surface of

DP600.

SEM: Scanning electron microscopy.
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material orientation. This is attributed to the anisotropy of second phase particles in the material.
Other examples of MIAD can be found in (Bouchard, Bourgeon, Lachapèle et al., 2008; Tyler-Street
and Luyten, 2009; Bouchard, Bourgeon, Fayolle et al., 2011).

In DP steels, martensite morphology is the parameter which triggers MIAD during plastic deform-
ation. Recently, Avramovic-Cingara, Ososkova, Jain et al., (2009) studied the martensite morph-
ology of two different kinds of DP600 grades using metallographic (SEM) analysis. The authors
showed that damage development, i.e. void nucleation and growth, is influenced by the martensite
morphology. The final failure mode for the two different steels was also different.

In this article, martensite morphology and damage will be studied in undeformed material and
deformed tensile specimen, respectively, with the help of metallographic (SEM) analysis. Two mater-
ial orientations i.e. RD and TD of the same DP600 material (Figure 2(a)) will be considered in this
study. The purpose of this study is to detect if MIAD plays a role in DP600. A MIAD model will be

Figure 2. Material-induced anisotropic damage: (a) stress–strain curves obtained from tensile testing of DP600 in

two different directions and (b) damage development during scoring in a pre-production low carbon steel (Courtesy:

TATA Steel RD & T).
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formulated phenomenologically using the modified Lemaitre’s (ML) anisotropic damage model
(Niazi, Wisselink, and Meinders et al., 2012). In the next section, a brief description of the tensile
tests and sample preparation for the SEM is given. The results obtained from the tensile tests and
metallographic analysis are presented and discussed in the following section. The phenomenological
MIAD model and few simulation results obtained from this model are given in the subsequent
section. The last section comprises discussions and conclusions.

Experimental procedure

A 1mm thick galvanized pre-production DP600 sheet with minimum tensile strength of 600MPa,
was used in this study. The chemical composition of this material is given in Table 1. Tensile
specimens were cut in the directions 0� and 90� to rolling direction (RD and TD, respectively).
The specimens were prepared in accordance to ISO 6892 with a gauge length of 50mm. The dimen-
sions of the specimen are given in Figure 3. The specimens were cut from the sheet by electro-
discharge machining. The tensile tests were carried out on an MTS 300 kN servo hydraulic machine
with Instron 8500 controller. The tensile tests were performed at a speed of 0.05mm/s which cor-
responds to an average engineering strain rate of 0.001/s. Local strains were measured during the
tests with the help of an ARAMIS optical strain measurement system. Digital image correlation
technique is used in this system to determine the strains from the images captured during the test.

The samples for metallographic (SEM) analysis were cut from undeformed material, deformed
unbroken specimens and deformed broken specimens. Cutting was performed with a 1.5mm thick
disc cutter. The specimens were positioned with respect to the cutter such that one cut surface is
aligned with the central axis of the specimen. The metallographic samples were embedded in Epomet
mold. The embedding procedure was carried out at a temperature of 180 �C. Mechanical polishing
was carried out with sand paper of grain sizes 400, 600, 1200, and 4000 in the respective order
followed by Silica polishing. Intermediate ultrasonic cleaning was carried out during the polishing.
Finally, the metallographic samples were etched with 3% Nital solution. The metallographic ana-
lysis was carried out on Neoscope JCM 5000 SEM with voltage settings of 10 and 15 kV.

Metallographic samples for the undeformed material were taken from the same sheet from which
the tensile specimens were cut. Two samples were prepared, one in the RD and other in the TD

Table 1. Chemical composition for pre-production DP600 grade steel in 10�3 wt%.

C Mn Si Al P S Nb V Ti Cu Sn Cr Ni Mo

92 1680 241 36 16 4 2 7 2 9 3 576 22 2

Figure 3. Dimensions of the tensile specimen.
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direction of the sheet. These samples are used to study the martensite morphology. Six tensile
specimens (three for each direction i.e. RD and TD) were selected to study damage with emphasis
on MIAD. In one direction, two specimens were unbroken and one was broken. Figure 4 shows the
locations from where the metallographic samples were cut. Each tensile specimen is given a specific
designation defining the loading direction with respect to rolling direction and if the specimen is
broken or unbroken, Figure 4. ‘US’ and ‘BS’ in the designation stands for unbroken and broken
specimens, respectively, whereas ‘R’ and ‘T’ indicates loading along RD and TD, respectively.
The metallographic samples were cut along the loading direction from specimens USR1 and
UST1. The faces of these metallographic samples are parallel to the loading direction. From speci-
mens USR2 and UST2, the metallographic samples are cut along the direction where the fracture is
expected to occur. In USR2, the face of the metallographic sample is perpendicular to the loading
direction whereas in UST2 it is inclined i.e. along the local neck. Fractography was performed on the
broken specimens i.e. BSR3 and BST3 before it was cut for metallographic analysis. The fracto-
graphic sample was not prepared by the procedure defined above, rather it was just placed in the
SEM keeping the fracture surface normal to the electron gun. Afterwards one broken part of each
specimen BSR3 and BST3 was cut along the loading direction.

Results

Tensile tests

Figure 5 shows the images taken by the ARAMIS system during the tensile test specimen failure.
The pulling speed in these tests was 0.05mm/s. Figure 5(a) is the image from the tensile specimen
which was loaded in the RD. This image was taken during the crack propagation. In this specimen
the crack started from the center of the specimen and propagated toward the edges. The crack is
perpendicular to the loading direction. Figure 5(b) shows the images from the tensile specimen which
was loaded in the TD. The specimen failed along the shear band which is inclined to the loading
direction. The failure occurred almost instantly along the complete shear band; therefore, no crack
propagation was observed from the ARAMIS images taken at a frame rate of 2/s. The diffuse

Figure 4. Metallographic sample extraction locations from two unbroken and one broken tensile specimen. The

dashed line represents the cutting line and the arrows represent the face being analyzed.
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necking in the specimen loaded in the TD is much less in comparison to the specimen loaded in RD.
Apart from the difference in the diffuse neck, local neck inclination angle and location of crack
initiation, there was also a difference in the failure through thickness. Figure 6 shows the close up of
the failure zones of both specimens. A shear through thickness can be observed in the specimen
loaded in the RD, Figure 6(a) (see also section ‘Metallographic samples from tensile
specimen BSR3’). This shear through thickness is not present in the specimen loaded in the TD,
Figure 6(b) (see also section ‘Metallographic samples from tensile specimen BST3’).

Tensile tests were also performed at higher speeds. The difference in the failure modes, in
the RD and TD directions, persists in these tests as well. Figure 7 shows the ARAMIS images
at failure during the tests carried out at a speed of 5mm/s. It can be noted that the failure
mode in Figure 7(a) and (b) are the same as shown in Figure 5(a) and (b), respectively. Figure 8
shows the ARAMIS images at failure during the tests carried out at a speed of 25mm/s.
These images are blurred due to the fact that the deformation rate at failure is very high in
these tests. Although a high ARAMIS frame rate of 14/s was set in these tests but a good
quality image cannot be captured. A high-speed ARAMIS system will be required to capture
images at failure in these tests. Despite the bad quality of the images, the failure mode can still
be observed. In Figure 8(a), the crack initiates from the middle of the specimen. The crack
changes its direction and becomes inclined to the loading direction while it is propagating
toward the edges. It seems that the high deformation speed is affecting the failure mode but
the influence of strain rate is not studied in this article. This might be an interesting topic for
future research on MIAD.

Figure 5. Images captured from the ARAMIS system during failure of tensile specimens at pulling speed of 0.05 mm/s:

(a) specimen loaded in RD and (b) specimen loaded in TD.

Niazi et al. 7
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Metallographic results

The metallographic study was started with an examination of the undeformed material. Figure 9
shows SEM images in the midplane of the undeformed material. Ferrite appears in the image as the
gray region whereas martensite appears as white regions. Directions RD, TD, and ND represent the
0� to rolling, 90� to rolling, and thickness direction, respectively. It is found that the martensite

Figure 6. Photographs of the broken specimens taken from an optical microscope: (a) specimen loaded in RD and

(b) specimen loaded in TD.

Figure 7. Images captured from the ARAMIS system during failure of tensile specimens at pulling speed of 5 mm/s:

(a) specimen loaded in RD and (b) specimen loaded in TD.
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is more concentrated in the midplane. This martensite is mainly in the form of bands. In the
RD, Figure 9(a), these bands are much longer and continuous compared to the bands in the TD,
Figure 9(b). There are also bands appearing in other locations along the thickness in both directions
but these are much shorter than the central bands. The central bands in the RD are 0.5–1.0mm long
whereas in the TD these are at most 0.2mm. The martensite in the midplane thickness of this
material is in the form of elliptical pancakes with the major axis aligned with RD and minor axis
aligned with TD. However, these elliptical pancakes cannot be observed from two-dimensional (2D)
images, therefore the terminology of long and short central martensite bands for RD and TD,
respectively, will be retained. It will be shown later in this section that the average size of these
bands is very important in determining the deformation and damage behavior in this material,
especially, in the later stages of deformation, i.e. when the strain localization length scale approaches
the average size of these bands.

Figure 8. Images captured from the ARAMIS system during failure of tensile specimens at pulling speed of 25 mm/s:

(a) specimen loaded in RD and (b) specimen loaded in TD.

Figure 9. SEM images on undeformed material: (a) cross-section along RD and (b) cross-section along TD.

SEM: Scanning electron microscopy.
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As mentioned in Figure 4, SEM analysis was performed on two unbroken specimens, which are
deformed beyond localization, and on one broken specimen for both directions. Figure 10 shows the
major strain distribution obtained from the ARAMIS optical strain measurement system for the
three specimens loaded in RD (USR1, USR2, and BSR3). For USR1 (Figure 10(a)) and USR2
(Figure 10(b)), the images are at a stage after the tests were stopped whereas for BSR3 (Figure 10(c))
it is at the stage just before failure occurred. In all three images, the local neck appears in the
distribution but the strain is dominantly concentrated in the central region of the neck. This
shows that the strain is not uniform along the local neck. This result is in agreement with the failure
images shown for specimens loaded along RD, see Figures 5(a), 7(a), and 8(a).

Figure 11 shows the major strain distribution obtained from the ARAMIS optical strain
measurement system for the three specimens loaded in TD (UST1, UST2, and BST3). For UST1
(Figure 11(a)) and UST2 (Figure 11(b)), the images are at a stage after the tests were stopped,
whereas for BST3 (Figure 11(c)) it is at the stage just before failure occurred. One dominating local
neck can be observed in Figure 11(b) and (c). The single dominating local neck cannot be observed
clearly from Figure 11(a) because this test was stopped slightly earlier (the strain level in Figure 11(a)
is lower compared to the other two specimens). Nevertheless, the statement that one local neck
dominates in these specimens is also supported by Figures 5(b), 7(b), and 8(b).

Metallographic sample from tensile specimen USR1. The specimen USR1 was cut along the
loading direction (i.e. RD of material, Figure 4) to obtain the metallographic sample. The minimum
thickness obtained in the local neck region was 0.62mm. It was found that the voids are mainly
located in the long central martensite bands. Voids are also present in other regions but they are very
low in number, comparatively. Figure 12 shows the magnified SEM images in the long central
martensite band region. Figure 12(a) shows that the central martensite band is getting fractured
and thus voids are being produced. Figure 12(b) shows some hints of coalescence appearing in the

Figure 10. Major strain distribution in specimens loaded in RD: (a) USR1, (b) USR2, and (c) BSR3.
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central martensite bands. The coalescence is mainly dominated in the direction perpendicular to the
loading direction.

Metallographic sample from tensile specimen UST1. The specimen UST1 was cut along the
loading direction (i.e. TD of material, Figure 4) to obtain the metallographic sample. The minimum
thickness obtained in the local neck region was 0.65mm. It was found that the voids were well
distributed along the thickness. Figure 13 shows the magnified SEM images in the central region

Figure 11. Major strain distribution in specimens loaded in TD: (a) UST1, (b) UST2, and (c) BST3.

Figure 12. SEM images taken in central region along the thickness, USR1: (a) voids in central bands and (b)

coalescence in central bands.

SEM: Scanning electron microscopy.
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along the thickness. Figure 13(a) and (b) is obtained with two different magnifications. Coalescence
was not observed in this sample.

Metallographic sample from tensile specimen USR2. The specimen USR2 was cut perpendicular
to the loading direction (i.e. TD of material, Figure 4) crossing the local neck region to obtain the
metallographic sample. The minimum thickness obtained in the local neck region was 0.64mm and
the thickness at the edge of the specimen was 0.86mm. A large variation can be observed in the
thickness from the center of the specimen toward the edge of the specimen. A probable reason can
be that these samples were not cut along the local neck region but perpendicular to the loading
because the fracture in these specimens occur perpendicular to the loading.

Figure 14 shows the SEM images taken at two different locations along the cut made perpen-
dicular to the loading direction. It shall be realized that the long sides of the martensite bands are
located out of plane to these images. When loading is along the RD then the voids are generating
mainly in these long central martensite bands, see section ‘Metallographic sample from tensile

Figure 13. SEM images taken in central region along the thickness, UST1: (a) magnification 1000 and

(b) magnification 2000.

SEM: Scanning electron microscopy.

Figure 14. SEM images taken at two different locations for specimen USR2: (a) SEM image in center of specimen

and (b) SEM image at the edge of the specimen.

SEM: Scanning electron microscopy.
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specimen USR1’. Figure 14(a) shows the SEM image in the center of the specimen. Coalescence is
occurring in the central region along the thickness. Most probably this coalescence is occurring
among the voids in adjacent long central martensite bands. This coalescence will initiate a mesocrack
in the central thickness which is perpendicular to the loading direction. Apart from the coales-
cence in the central region, no significant damage development is appearing in the rest of the
image. Figure 14(b) shows the SEM image toward the edge of the specimen where the thickness
is 0.86mm. Hardly any damage is observed in this image. As mentioned earlier, this region does not
fall in the localized strain region although the specimen does fail along this region.

Metallographic sample from tensile specimen UST2. The specimen UST2 was cut along the local
neck to obtain the metallographic sample, see Figure 4. The minimum thickness was found to
be 0.68mm in the center of local neck region, whereas at the edges of the local neck it was found
to be 0.75mm. The variation in the thickness from the center of the specimen toward the edge of the
specimen is low. This is because the specimen is cut along the local neck. The metallographic sample
obtained from this specimen was not crossing the maximum strain region; however, it was cut close
to maximum strain.

Figure 15 shows the SEM images taken at two different locations along the local neck region.
Figure 15(a) shows the SEM image located in the center of the localized region. The long central
martensite bands can be observed in this image. Voids are uniformly distributed rather than con-
centrating in the center. This is in contrast to what was observed in USR1 and USR2. Figure 15(b)
shows the SEM image at the edge of the local neck region where the thickness is 0.75mm. Uniformly
distributed damage can be observed in this image. As expected, damage is less close to the edges
compared to the central region but more importantly, damage is present throughout the region
where the specimen fails.

Metallographic samples from tensile specimen BSR3. The fracture surface of the broken speci-
men shown in Figure 6(a) was inspected with the SEM. The minimum thickness obtained in the
fracture surface was 0.58mm and the thickness at the edge of the specimen was found to be 0.78mm.
Figure 16 shows the SEM image of the fracture surface which covers the complete thickness. The
protruded portion in the top surface can also be seen in Figure 6(a). This shows the location of the
SEM image within the fracture surface. This location is also important because the crack was

Figure 15. SEM images taken at two different locations from specimen UST2: (a) SEM image in the center of the

local neck region and (b) SEM image at the edge of the local neck region.

SEM: Scanning electron microscopy.
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initiated from this point, see Figure 5(a). Void coalescence can be observed in the central region of
the image. This coalescence was not observed in the fracture regions toward the edges of the spe-
cimen. In section ‘Metallographic sample from tensile specimen USR2’, hints of coalescence among
the voids in the long martensite bands were observed. This coalescence was perpendicular to the
loading. The fractographic image, Figure 16 supports the observations found in section
‘Metallographic sample from tensile specimen USR2’ as coalescence can be observed in the central
thickness region. The coalescence is most probably occurring among voids in neighboring long
martensite bands. The coalescence is clearly perpendicular to the loading. Apart from the small
protruded region and the void coalescence in the central region, the rest of the fracture surface seems
to be dominated by shear failure.

One of the broken parts from the specimen BSR3 was also cut along the loading direction (i.e.
RD of material, Figure 4) to obtain a metallographic sample. Figure 17 shows the SEM image of the
section across the fracture surface which covers almost the complete thickness. Since this section is
taken from the other part of the broken specimen BSR3 an intruded portion can be observed instead
of the protruded portion observed in Figure 16. Voids can be observed over the complete thickness
near to the fracture surface but the concentration of these voids is higher in the long central mar-
tensite band and near to the intruded portion. Apart from the long central martensite band, the
voids in the rest of the thickness reduce to negligible levels within 0.05–0.1mm from the fracture
surface. On the contrary, the voids in the long central martensite band can be observed even at a
distance of 0.5mm from the fracture surface. This observation is in agreement with the observations

Figure 16. SEM image of the fracture surface in the central region of the fracture for sample BSR3.

SEM: Scanning electron microscopy.
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in section ‘Metallographic sample from tensile specimen USR1’. Different regions of this image are
magnified in Figure 18. The bottom intruded portion can be observed in Figure 18(c). This region
shows ductile mode of failure. A higher concentration of voids can be observed just near the fracture
surface. It shall be noted that this intruded region is very small compared to the complete fracture
surface (see Figure 6(a) and Figure 16). The voids in the long martensite band can be observed in the
magnified view of the middle region (Figure 18(b)). Also coalescence can be observed in this band.
Apart from the coalescence, the rest of the fracture surface is dominated by shear failure. Figure
18(a) shows the top region of the fracture. Voids can be observed near the fracture surface but their
concentration is comparatively low. The fracture is completely dominated by shear failure.

The other cut surface (obtained from the same specimen) which was approximately 1.5mm away
from the cut surface shown in Figure 17 was also examined by SEM. The number of voids in this
section was very low compared to the section shown in Figure 17. The voids in the long central
martensite band were also visible in this section.

Metallographic samples from tensile specimen BST3. The fracture surface of the broken speci-
men shown in Figure 6(b) was inspected with the SEM. The thickness of the sheet close to the
fracture surface was approximately 0.45mm throughout the fracture length. It can be observed from
Figure 6(b) and Figure 11(c) that in these samples the fracture occurs along the local neck.

Figure 19 shows the SEM image of the fracture surface which covers the complete thickness.
Large voids can be observed throughout the fracture surface along the width. These large voids are
slightly concentrated toward the center. Coalescence of voids in the form of void impingement can

Figure 17. SEM image showing a global view of damage development in the section across the fracture surface for

sample BSR3.

SEM: Scanning electron microscopy.
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also be observed in this image. Void coalescence is observed at various locations throughout the
fracture surface. The failure is a ductile failure. Further investigation was carried out by cutting a
section across the fracture surface. One of the broken parts from the specimen BST3 was cut along
the loading direction (i.e. TD of material, Figure 4) to obtain metallographic sample. Figure 20
shows the SEM image of the section across the fracture surface which covers almost the complete
thickness. A cup cone ductile failure mode can be observed in this image. Voids can be observed over
the complete thickness near the fracture surface. The concentration of the voids is relatively higher in
the central region but these voids are distributed equally rather than accumulated in a single mar-
tensite band. The voids are larger in size compared to the voids observed in Figure 17 for a specimen
loaded in RD.

Discussions and conclusions from the results

The DP600 material under consideration has an anisotropic martensite morphology. There are long
(0.5–1.0mm) continuous martensite bands aligned in the RD, whereas in the TD there are short
(0.1–0.2mm) discontinuous martensite bands. In the initial and middle stages of tensile deformation

Figure 18. Magnified views from different regions of the section of Figure 17: (a) top, (b) middle, and (c) bottom.
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i.e. when the strain is uniform and in the beginning of diffuse necking, the material behaves the same
when loaded along the RD and TD, Figure 2(a). But in the later stages of deformation i.e. just
before and during local necking, the difference in the size and continuity of the central martensite
bands in the RD and TD induces different deformation and damage characteristics when loaded in
RD and TD. The damage and deformation behavior during local necking will be discussed in the
following two sections.

Damage and deformation behavior in tensile tests loaded in RD. The thickness of the tensile
specimen is 1mm, therefore the length scale for a local neck is of the same order. The material, in
RD, contains continuous martensite bands of the same order as the localized deformation length
scale. Therefore, in order to deform the material, these long martensite bands have to break. Since
the triaxiality is higher in the center of the local neck compared to the edges of the local neck and the
strain in the center is a sum of strains in two bands, the probability of void initiation (breaking of the
long central martensite bands) in the center of the local neck is higher. Fracture of these long
martensite bands in the central region of the local neck creates a large difference in the deformation
characteristics between the edges (where the long bands are still intact) and center of the local neck.
The difference in deformation characteristics along the local neck increases the gradient in the strain
across the local neck. Figure 21 gives the strain distributions obtained from the ARAMIS data for
the specimens BSR3 and BST3 at the same strain levels. Figure 21(a) shows the comparison of the
strain distribution at the same engineering strain level. It can be observed that the overall strain in
the specimen BSR3 is higher compared to that of BST3. The strain gradient for BSR3 is also higher.

Figure 19. SEM image of the fracture surface in the central region of the fracture for sample BST3.

SEM: Scanning electron microscopy.
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It can be concluded that the strain localizes much earlier in the specimen BSR3 compared to the
specimen BST3. Figure 21(b) gives the strain distributions at the same maximum local strain in
BSR3 and BST3. The strain distributions in this figure are at different engineering strain levels. The
strain gradient is higher in BSR3 along the local neck. The strain gradient in BSR3 increases even
more near the failure section which is evident from the ARAMIS strain measurements taken just
before failure, as shown in Figure 10(c). The strain in the center of the local neck goes up to 94%
whereas on the edges of the local neck it is still in the range of 50–60% as observed in Figure 21(b).
This proves the point that mainly the central region of the neck is deforming just before failure.
The strain gradient along the local neck also results in a final thickness difference of approximately
0.16–0.2mm in the local neck region. Figure 22 shows the strain distribution in the specimens BSR3
and BST3, in a section along the loading direction. The sections are taken at equal gauge length
displacements. The deformation is relatively more distributed in specimen BST3 compared to BSR3.
This reaffirms the point that strain localizes faster in specimens loaded along RD compared to that
loaded along TD. Most probably the quicker strain localization in specimens loaded along RD is
due to the highly localized damage development.

The fact that the long central martensite bands are positioned in the center along the thickness
effects the final failure mode and formability of the material. The voids initiated in the long central
martensite bands are concentrated in the center of the thickness. This promotes coalescence of voids
in neighboring bands perpendicular to the loading direction. This is evident from Figures 14(a) and
16. The coalescence only occurs in central region of the local neck because not much voids are

Figure 20. SEM image showing a global view of damage development in the section across the fracture surface for

sample BST3.

SEM: Scanning electron microscopy.
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present toward the edges of the local neck to coalesce, Figure 14(b). After coalescence in the center
of the thickness, the rest of the material fails in a brittle manner i.e. shear failure mode. This initiates
a crack perpendicular to the loading in the center of the local neck. The initiated crack is not aligned
with the local neck because the coalescence is perpendicular to the loading. This crack then propa-
gates toward the edges in a direction perpendicular to the loading. The failure mode is dominantly
shear failure. Due to the failure mechanism i.e. coalescence occurs at a lower strain (approximately
23% engineering strain), the voids do not get ample time to grow. Therefore, the damage mechanism
for specimens loaded in RD is dominated by void nucleation and coalescence. The voids are con-
centrated in the center of the local neck and in the center of the thickness, therefore measuring

Figure 21. Comparison of strain distributions in a section along the local neck obtained from ARAMIS data for

specimens BSR3 and BST3: (a) at equal displacements (engineering strain of 22%) and (b) at equal local strain of 73%.
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damage (or determining damage parameters) by examination of other regions of the specimen would
produce misleading results. The deformability of the material when loaded along the RD is low
compared to when loaded in TD.

Damage and deformation behavior in tensile tests loaded in TD. The material also shows mar-
tensite bands in TD, but these bands are much shorter than in RD i.e. 0.1–0.2mm (and discontinu-
ous). Small voids are nucleated at martensite–ferrite interface or by breaking the short bands. The
voids are slightly concentrated in the central region of the local neck and in the center of the
thickness due to higher triaxiality in this region, but this slight difference in concentration is not
enough to create a large difference in the deformation characteristics across the local neck. This is
why the variation in the strain across the localization neck is comparatively low (90–102%), see
Figure 11(c). Hence, the final failure thickness is almost uniform throughout the local neck.

When the tensile specimens are loaded in TD then voids nucleate throughout the local neck
region. These voids grow on further straining and ultimately coalescence occurs by void impinge-
ment among neighboring voids. The coalescence also appears throughout the local neck region.
Finally the material fails in a ductile manner i.e. cup and cone fracture mode. This ductile failure
mode gives ample time for the voids to grow and therefore comparatively a large post-localization
strain is obtained, Figure 2(a). This gives a larger deformability when the tensile specimens are
loaded in TD (approximately 26% engineering strain).

Numerical modeling of MIAD

The martensite morphology influences the damage development in sheet metal DP600 grade under
consideration. Consequently, the deformation behavior and final failure in this material is being
affected by martensite morphology. This anisotropy in deformation and damage appears at
later stages of deformation i.e. after localization. Initially, the material shows isotropic behavior.

Figure 22. Comparison of strain distributions in a section along the loading direction obtained from ARAMIS data

for specimens BSR3 and BST3 at engineering strain of 22%.
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From experiments, the Lankford coefficient (R-value defining plastic anisotropy) for this material
was found close to 1.0. This shows that the material is plastically almost isotropic. An anisotropic
damage material model which is based only on LIAD Niazi, Wisselink, and Meinders et al., (2012),
and Lemaitre and Desmorat, (2005) or is driven by elastic/plastic anisotropy (Shen W, Peng LH and
Tang CY et al., 2005), cannot predict the failure accurately in this material. It is therefore necessary
to use a model for MIAD in combination with the LIAD damage model to predict the failure of this
material. The purpose of this MIAD model is to produce different damage/deformation/failure
behavior for different material orientations, subjected to the same loading conditions. The LIAD
model developed in Niazi et al. (2012) was successfully applied for failure predictions in cross-die
drawing tests with this specific grade of DP600 steel. MIAD was not observed in these cross-die
drawing tests because the failure mainly starts from the blank surfaces where the martensite morph-
ology is almost the same in RD and TD. The LIAD model called ML anisotropic damage model is
briefly described in the following section. The MIAD model, incorporated in the ML anisotropic
damage model, is explained in section ‘The MIAD model’. The material parameters for this model is
discussed in section ‘Material parameters for DP600’. Finally, the simulation results will be com-
pared with the experimental results in section ‘Simulation results and discussion’.

ML anisotropic damage model

ML anisotropic damage model is based on Lemaitre’s anisotropic damage model. Lemaitre and
Desmorat, 2005 The standard Lemaitre’s damage model has been adapted to incorporate different
damage behavior under compression, strain rate dependency in damage Niazi, Wisselink and
Meinders et al., (2012) and MIAD.

Standard Lemaitre’s damage model. Thermodynamics is the basic ingredient of a continuum
damage model. A good description of irreversible thermodynamics for damage models can
be found in Yang, Zhou, and Chen et al., (2010). A short description for the thermodynamics
used in Lemaitre’s damage model is given here. A partial Legendre transform of the
Helmholtz free energy  was performed to get the Gibbs specific free enthalpy  *. This is
done to select stress as independent variable, as it will be more convenient while dealing with
the state law of elasticity (Lemaitre and Desmorat, 2005). The Gibbs specific free enthalpy  * is
given by

 � ¼  �e þ
1

�
�ij"

p
ij �  p �  T ð1Þ

where  p and  T are the plastic hardening and thermal contribution to the Helmholtz free energy
respectively. The Legendre transformation is carried out on the total Helmholtz free energy and the
elastic part of the Helmholtz free energy to obtain the total and elastic Gibbs specific free enthalpy,
respectively.

 � ¼ sup"
1

�
�ij"ij �  

� �
ð2Þ

 �e ¼ sup"e
1

�
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ij �  e
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Several assumptions are made to simplify the implementation of the model. The process
is assumed to be isothermal (cT¼ 0), a small strain formulation with an additive split of the
strain tensor is taken, elasticity is assumed to be isotropic, and only isotropic, hardening will be
considered.

The basic idea of CDM is to replace the real damaged discontinuous material with a fictitious
undamaged but continuous material. Since the amount of damage in this configuration is assumed
to be zero, the total cross-sectional area will take up all the load. The stress is mapped from the
damage configuration to the undamaged configuration using a damage variable. The stress in the
undamaged material is known as the effective stress, whereas the stress in the damaged material is
termed as the nominal stress. An equivalence principle is required to map the stress (state variables)
from a damaged material configuration to an undamaged fictitious material configuration. In
Lemaitre’s work the most simple hypothesis i.e. the hypothesis of strain equivalence has been
adopted. In the hypothesis of strain equivalence, it is assumed that the elastic strain in the
damage discontinuous material is equal to the elastic strain in the fictitious continuous undamage
material. The elastic potential based on the hypothesis of strain equivalence for anisotropic damage
is defined by Lemaitre and Desmorat (2005)

 �e ¼
1

�

1þ �

2E
Hij�

dev
jk Hkl�

dev
li þ

3ð1� 2�Þ

2E

�H
� �2

1� �DH

" #
ð4Þ

where � is the hydrostatic sensitivity parameter,DH is the hydrostatic damage derived from the second-
order damage tensor D, and H is the second-order damage effect tensor defined as a function of D.

H ¼ ðI2 �DÞ�
1
2 ð5Þ

In equation (5), the square root of the second-order tensor (I2�D)�1 is applied after rotating the
tensor (I2�D)�1 to its principal coordinate system. The resultant tensor H is rotated back to the
current coordinate system using the same rotation tensor (eigen vectors).

Equation (4) represents the standard Gibbs elastic state potential written in the deviatoric and
hydrostatic parts with the stress replaced by the effective stress for anisotropic damage (equation
(11)). In this thermodynamic model, eij is the observable state variable with sij as the associated
variable, "pij, r, and Dij are the internal state variables with �sij, R, and �Yij as the associated
variables, respectively. r represents the independent isotropic hardening variable and R represents
the isotropic hardening stress variable. Y is the second-order damage energy release rate. The evo-
lution law for the observable state variable is defined using the state law i.e. using the state potential
 *, whereas the evolution laws for the internal state variables are defined by a dissipation potential
F. The state law is given by

_"eij ¼ �
@ �e
@�ij
¼

1þ �

E
Hik�

dev
kl Hlj þ

1� 2�

E

�H

1� �DH
�ij ð6Þ

where �ij are the components of Kronecker delta. The total dissipation potential F is a function of s,
R, and Y and can be decoupled and written as the sum of the plastic dissipation potential f and the
damage dissipation potential FD

F ¼ fþ FD ð7Þ
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The second law of thermodynamics written in the Clausius–Duhem equation is given as follows:

�ij _"
p
ij � R_rþ Yij

_Dij � 0 ð8Þ

Equation (8) states that the sum of the plastic dissipation �ij _"
p
ij power and damage dissipation Yij

_Dij

power minus the stored energy density R_r shall be positive (or zero). The Clausius–Duhem equation
is satisfied if the dissipation potentials are selected as a convex function of the associated variables.

The dissipation potential for damage FD proposed by Lemaitre and Desmorat (2005) is

FD ¼
�Y

S

� �s

Yij
d"p

dr

����
����
ij

ð9Þ

where W�W applied to a tensor means the absolute value in terms of the principal components. S and s
are phenomenological damage parameters which define the rate of damage growth and the shape of
the damage evolution curve, respectively, and �Y is the effective damage energy release rate given by
Lemaitre and Desmorat (2005) as

�Y ¼
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~�eq is the effective equivalent stress, based on the effective Cauchy stress given by

~� ¼ H � �dev �H
� �dev

þ
�H

1� �DH
I2 ð11Þ

~Rv is a triaxiality factor derived from equation (10) using the Von Mises equivalent stress

~Rv ¼
2

3
ð1þ �Þ þ 3ð1� 2�Þ

~�H

~�eq

� �2

ð12Þ

The plastic potential f is given by

f ¼ ~�eq � �f ð13Þ

where the flow stress is defined by �f¼ �f0þR. The evolution laws for the internal variables are
defined using the normality rule. The plastic strain rate tensor can be determined using equation (7)

_"pij ¼ � _�
@F

@ ð��ijÞ
¼ _�

@f

@�ij
ð14Þ

The evolution equation for the isotropic hardening variable can be obtained using equations (7)
and (13):

_r ¼ � _�
@F

@R
¼ _� ð15Þ
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The damage rate equation can be obtained using equations (7) and (9)
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� �s

_"pj jij ð16Þ

since _� � 0. Equation (16) is valid when the damage threshold is reached i.e. "peq 4 "pD. The term "peq
represents the accumulated plastic strain in a scalar form. The evolution of "peq used in this research is
based on the plastic work given by

_"peq ¼
� : _"p

�eq
ð17Þ

A mesocrack is initiated when damage reaches a critical value, i.e. DI�Dc, where DI represents the
principal damage values of the damage tensor. The initiation of a mesocrack is assumed to be the
point of failure.

The damage parameters used in this model are S, s, "pD, �, and Dc. The hydrostatic sensitivity
parameter � has been measured by Lemaitre for many materials. It was found to be in the range of
2–3 for most of the steels. In this work the value of � is taken equal to 3, which is in accordance to the
fast identification method given by Lemaitre and Desmorat (2005). The other four parameters can be
determined from a uniaxial test and a low cycle fatigue test using the fast identification method. For
further details on the fast identification method, the reader is referred to Niazi et al. (2012).

Equations (1) to (4) give the state potentials used in this model. Equations (7), (9), and (13) give
the dissipation potentials used in this model. Equations (14) to (16) are the evolution equations for
the internal state variables.

Validity of Clausius–Duhem equation

The plastic potential f used in this article is based on standard Von Mises model and isotropic
hardening which is known to have a positive dissipation. To satisfy the second law of thermo-
dynamics for damage coupled with plasticity (equation (8)), it must be shown that the energy
dissipated due to damage is also positive or zero.

Yij
_Dij � 0 or Y : _D � 0 ð18Þ

The damage dissipation potential has been selected such that the damage evolution becomes a function
of the absolute principal values of the plastic strain rate tensor, equation (16). Therefore _D remains
always positive definite. To satisfy equation (18),Y shall also be positive definite. SinceY is an associated
variable to damage, it can be determined using the elastic state potential of equation (1).

Yij ¼ �
@ �e
@Dij

ð19Þ

Using equation (4), transforming it into tensorial form and after lengthy algebraic manipulations
one obtains

Y ¼
1þ �

E
�dev �H � �dev
� �

: I4 �HþH � I4½ �
�1: H2 � I4 �H

2
	 


þ
� 1� 2�ð Þ �H

� �2
2E 1� �DHð Þ

2
I2 ð20Þ
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The expression derived in equation (20) gives a positive-definite tensor if and only if H is positive
definite. The definition of H given in equation (5) shows that H will be positive definite for all
allowed cases (0�DI� 1). Therefore, the selection of the state potential and damage dissipation
potential satisfies the second law of thermodynamics.

Strain rate dependency in damage. The DP grades of steel are proven to be very useful in
crash applications. These materials show enhanced post localization strains for higher strain rates
(Huh, Kim, and Song et al., 2008). Huh et al. (2008) explain the increase in post-localization strain in
terms of void volume growth and interaction. It is therefore necessary to make Lemaitre’s damage
model dependent upon strain rate. Hence, the critical damage value Dc defined in section ‘Standard
Lemaitre’s damage model’ and the parameter s in the damage evolution law, equation (16), are made
functions of strain rate. Since Dc and s are damage model parameters, the parameter identification
will be done on a very slow tensile test to make sure that strain rate does not effect the damage
evolution. The values of Dc and s determined from this test will be termed as reference values Dc and
s0. The average strain rate of the tensile test will be taken as the reference strain rate _"r0. The material
parameters Dc and s are defined as a function of the strain rate _"peq and reference values Dc0 and s0.
These functions are given in equation (21) and equation (22), respectively.

Dc ¼ max Dc0,min Dc0 ln
1

2
þ

_"peq
2 _"r0

� �
þ 1

� �
,1

� �� �
ð21Þ

s ¼ min s0,s0 ln
_"r0s0 þ _"peq
_"r0 1þ s0ð Þ

� �
þ 1

� �� 1
s0

" #
ð22Þ

The functions defined in equation (21) and equation (22) are selected in such a way that the strain
rate-dependent post-localization behavior of DP600 can be simulated.

Another modification is made in equation (16) in terms of the damage threshold. Instead of
using "peq as the damage initiation threshold, the major plastic strain "pI is used. The validity of
equation (16) starts when "pI 4 "pD. This modification was carried out for two reasons: to avoid
damage initiation for compressive strains and to base the damage initiation purely on strains
instead of the plastic work, see Niazi, Wisselink and Meinders et al., (2012).

The MIAD model. The damage evolution defined in equation (16) is driven by plastic
strains. This model will give the same behavior of the material, irrespective of the loading
direction with respect to rolling direction, because the material is plastically isotropic.
The difference in failure and deformation shown in section ‘Results’ cannot be simulated
with this model. To incorporate MIAD, equation (16) is modified with a fourth-order MIAD
tensor �A.

_D ¼
~�2eq

~Rv

2 E Sc

 !s

�A : _"p
�� �� ð23Þ
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where �A is defined as a function of six MIAD parameters; FA, GA, HA, LA,MA, and NA. The MIAD
tensor �A is defined in a similar way as the Hill-48 fourth-order parameter tensor. Considering major
and minor symmetry in �A, it can be written as a 6	 6 matrix.

A ¼
2

3 GA þHAð Þ

GA þHA �HA �GA 0 0 0

�HA FA þHA �FA 0 0 0

�GA �FA GA þ FA 0 0 0

0 0 0 2NA 0 0

0 0 0 0 2MA 0

0 0 0 0 0 2LA

2
666666664

3
777777775

ð24Þ

It must be noted that in equation (23) the absolute function is applied on the principal compo-
nents of the double dot product of the MIAD tensor �A and the plastic strain rate tensor.
Therefore for efficient implementation, the stress and damage update is carried out in the principal
damage rate coordinate system i.e. the principal coordinate system of the second-order tensor

�A : _ep
� �

. This is different from the standard Lemaitre’s anisotropic damage model i.e. equation
(16), where the stress and damage update is carried out in the principal strain rate coordinate
system.

In general, six MIAD parameters are required to define 3D anisotropic MIAD behavior. By
taking FA¼GA¼HA¼ 1 and LA¼MA¼NA¼ 3, the MIAD model degenerates to the LIAD model.
For plane stress and plane strain conditions the number of MIAD parameters will reduce to four i.e.
FA, GA, HA, and NA. These four parameters can be determined by fitting to three tensile tests loaded
in 0�, 90�, and 45� to the rolling direction.

Co-rotational framework. In this work, Lemaitre’s anisotropic damage model is used for sheet
metal forming which involves large deformations. However, the damage model formulation is
based on small strain formulation. A small strain formulation can be used for large plastic deform-
ations if it is implemented in a co-rotational framework (Belytschko, Liu, and Moran et al., 2006).
The co-rotational framework defines a local coordinate system for each element. The material
rotation can be obtained by decomposing the deformation gradient tensor into a stretch tensor
and the rotation tensor. The local coordinate system for each element is then rotated based on
the material rotation determined for this element. The detailed formulation for a co-rotational
framework can be found in Belytschko et al. (2006).

Material parameters for DP600

AVonMises yield criterion was selected as the material is almost isotropic. The hardening behavior of
this material is strain rate dependent and the ML anisotropic damage model also has a strain rate
dependency. Therefore a strain rate-dependent hardening model, the simplified Bergström van
Liempt hardening (also known as extended Bergström), was selected. The simplified Bergström
van Liempt hardening is a physically based, isothermal, strain rate dependent, isotropic hardening
model (Vegter, ten Horn, An et al., 2003). The simplified Bergström van Liempt hardening param-
eters for this material were determined using tensile tests at different strain rates. The details of the
simplified Bergström van Liempt hardening model and parameters can be found in Niazi, Wisselink
andMeinders et al., (2012). The same parameters used in Niazi, Wisselink andMeinders et al., (2012)
are also used in this article.
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There are six damage parameters which have to be determined i.e. S, s0, "
p
D, Dc0, �, and uf0.

A high value (50) was selected for the parameter uf0, so that no damage develops under compression.
This assumption is valid for ductile metals such as DP600. The hydrostatic sensitivity parameter � has
been measured by Lemaitre for many materials. It was found to be in the range of 2–3 for most of the
steels. In this work, the value of � is taken equal to 3, which is in accordance to the fast identification
method given by Lemaitre and Desmorat (2005). The other four parameters are determined from a
uniaxial test and a low cycle fatigue test using the fast identification method given by Lemaitre. The
detailed parameter identification procedure can be found in Niazi, Wisselink and Meinders et al.,
(2012). The parameters determined in Niazi et al. (2012) are also used in this article. The values are as
follows: S¼ 1.398, s0¼ 2.3, "pD ¼ 0:18,Dc0¼ 0.1789, �¼ 3, and uf0¼ 50. The damage parameters were
determined from tensile test at a reference average strain rate, i.e. _"r0 ¼0.001/s.

There are four MIAD parameters which have to be determined i.e. FA, GA, HA, and NA for the
MIAD tensor . These parameters are fitted to the tensile tests carried out in 0�, 45�, and 90� to RD. The
mean failure strain values and the deviation around themean for the tensile tests in the three directions
are shown in Figure 23. The highest deviation in the result is obtained for the specimens loaded in 45�

to the rolling direction. This larger deviation is understandable as the long central martensite bands
are inclined to the loading direction and the failure can be governed by either shear failure, or ductile
failure or even a mixed failure mode. The parameters i.e. FA, GA, HA, and NA are fitted to the mean
post-localized regime of the engineering stress strain curves, obtained from the tensile tests loaded in in
0�, 45�, and 90� to RD. The values were found to be FA¼ 0.18, GA¼ 1.8, HA¼ 0.2, and NA¼ 2.8.

Figure 24 shows the influence of MIAD parameters and loading angle from RD on the damage
evolution. The two curves in Figure 24 represent the polar iso-damage plots for two different set of
MIAD parameters. The variable � represents the loading angle from RD and the radius of the iso-
damage plot i.e. r represents the equivalent plastic strain, required to achieve a maximum principal
damage value of 0.3. The iso-damage plot for the MIAD parameters FA¼ 1.0, GA¼ 1.0, HA¼ 1.0
and NA¼ 3.0 has a constant radius showing that the damage evolution is independent of the loading

Figure 23. Mean failure strains in tensile tests loaded in 0�, 45�, and 90� to rolling direction.
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angle �. As mentioned earlier, by setting these values, the MIAD model degenerates to the LIAD
model. The iso-damage plot for the fitted MIAD parameters i.e. FA¼ 0.18, GA¼ 1.8, HA¼ 0.2 and
NA¼ 2.8 shows �-dependent damage evolution. The equivalent plastic strain required to obtain a
maximum principal damage value of 0.3 when loaded in TD is much higher compared to that when
loaded in RD.

Simulation results and discussions

An in-house implicit finite element code was used for tensile test simulations. A 3D solid model with
four elements in the thickness direction was used. TheMIADparametersLA andMAwere taken equal
to three. Figure 25 shows the complete finite element model and the dimensions of the specimen. A
velocity of 0.05mm/s in the global x-direction was prescribed on one end of the specimen while the
other end was kept fixed. The orientation of the rolling direction was aligned with 0�, 45�, and 90� to
the global x-axis to simulate the tests in the three directions. Figure 26 shows the comparison of the
engineering stress–strain curves obtained from the simulation and experiments. It can be observed

Figure 24. Direction-dependent damage evolution. Iso-damage plots for two different set of MIAD parameters.

28 International Journal of Damage Mechanics 0(0)

 at Universiteit Twente on March 14, 2013ijd.sagepub.comDownloaded from 

http://ijd.sagepub.com/


XML Template (2013) [26.2.2013–1:09pm] [1–32]
//blrnas3/cenpro/ApplicationFiles/Journals/SAGE/3B2/IJDJ/Vol00000/130062/APPFile/SG-IJDJ130062.3d (IJD) [PREPRINTER stage]

that the stress–strain curves obtained from the simulations follow the post-localization regime of the
experimental curves for the three directions. There is no difference in the three simulation results
before the damage threshold is reached. This is also the case in the experiments. The material is
plastically isotropic but as soon as damage begins, the curves starts to deviate due to MIAD.

Despite the good agreement in the post-localization curves, the strain at which the simulation
predicts failure is not in a good agreement with the experiments loaded in TD. The reason is that the
MIAD model specified in section ‘The MIAD model’ is a relatively simple model. It only includes
MIAD in the rate of damage growth (void growth) but the damage initiation and the critical damage
at which failure occurs is equal for all directions. Therefore in the simulation, loaded in the TD,
damage begins at the same strain level as in the other directions but the damage grows at a much
slower rate. Since the critical damage value is also the same for all directions, the simulation loaded
in the TD fails at a much higher strain. Actually, MIAD has to be included in the damage threshold
(void nucleation) and critical damage value (void coalescence). MIAD was observed in these
physical phenomena in the metallographic analysis, section ‘Metallographic results’. However,
including MIAD in damage initiation and critical damage value will complicate the model, as
additional material parameters will be incorporated in the model. Recently Bouchard Chow and
Jie et al., (2009) defined a direction dependent critical damage parameter for bulk forming processes
in Lemaitre’s isotropic damage model. This formulation is relatively simple to be considered as a

Figure 25. Finite element model for the tensile test simulation.

Figure 26. Comparison of engineering stress–strain curves obtained from experiments and simulations.
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MIAD model as it uses an isotropic damage definition and involves a singularity condition under
biaxial loading.

The damage behavior observed in the experiments (see sections ‘Damage and deformation
behavior in tensile tests loaded in RD’ and ‘ Damage and deformation behavior in tensile tests
loaded in TD’) can also be observed in the simulations. Figure 27 gives the damage contours at the
surface of the tensile specimens loaded in RD and TD. The critical damage value Dc is approxi-
mately 0.5 due to the strain rate effect, see section ‘Strain rate dependency in damage’. For the
specimen loaded in RD (Figure 27(a)), damage concentrates in the center of the specimen whereas
for the specimen loaded in TD (Figure 27(b)), damage is almost uniform along the local neck. A
dominant local neck can be observed in the specimen loaded along TD.

The failure behavior observed in experiments (see sections ‘Damage and deformation behavior in
tensile tests loaded in RD’ and ‘ Damage and deformation behavior in tensile tests loaded in TD’)
cannot be studied through the simulations. A crack propagation phenomenon would be required to
study the failure patterns.

Conclusions and recommendations

It was shown that the phenomenon of MIAD exists in a pre-production DP600 steel grade. MIAD
can be an important phenomenon in AHSS. Ignoring MIAD can produce misleading conclusions
about the material characteristics which will consequently end in faulty manufacturing process
and product designs. Considering MIAD in these materials can be an advantage in the sense that
material orientation can be utilized for efficient manufacturing process designs. Table 2 shows the
extent up to which MIAD can influence the deformation, damage and failure behavior of the
material.

A MIAD model is developed to account for the differences in damage growth within the frame-
work of CDM, see section ‘The MIAD model’. The model is capable to predict the post-localization
engineering stress–strain behavior of the material and the differences in damage distribution due to
MIAD. This model is an initial effort to incorporate MIAD in continuum damage models in a
relatively simple way. Further developments might be required in modeling of the MIAD phenom-
enon. Translation of the influence of second-phase anisotropy (martensite morphology) to con-
tinuum damage via the MIAD parameters will be one of the most important future research
areas in MIAD.

Figure 27. Contour plots of maximum principal damage distributions obtained from the simulations: (a) loading

along the RD and (b) loading along the TD.
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Manufacturing of DP steels of thickness 1mm or higher with a uniformly distributed martensite
is not a trivial task and currently producing such kind of steel on commercial basis would not be
feasible. The best option currently available is to study the influence of this inhomogeneity and use it
to our best.

Funding

This research was carried out under the project number M61.1.08308 in the framework of the Research
Program of the Materials innovation institute (M2i) (www.M2i.nl).

Conflict of interest

None declared.

References

Avramovic-Cingara G, Ososkova Y, Jain MK, et al. (2009) Effect of martensite distribution on damage

behaviour in DP600 Dual Phase steels. Mater Sci Eng A 516: 7–16.
Belytschko T, Liu WK and Moran B (2006) Nonlinear finite elements for continua and structures. Chichester,

UK: Wiley.
Bouchard PO, Bourgeon L, Fayolle S, et al. (2011) An enhanced Lemaitre model formulation for materials

processing damage computation. Int J Mater Form 4: 299–315.
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