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Abstract

Dual Phase (DP) steels are a class of Advanced High Strength Sheet (AHSS)

steels which are used as structural components of an automobile body. They posses a

good combination of strength and formability coupled with crashworthiness. The mi-

crostructure of DP steels consists largely of ferrite and martensite. These commercial

grade steels may also contain a coating layer to protect the steel against atmospheric

corrosion. These steels are exposed to strain rates of the order of 10� 102=s during

sheet metal forming operations, and strain rates of the order of 102 � 104=s can be

reached under an automotive crash condition. The fracture mechanisms of these DP

steels at slow strain rates are well understood; however, these may not be represen-

tative of the material's fracture response under dynamic or high strain rate loading

conditions. The mechanical behavior of DP steels under dynamic rates (102 � 104=s)

has been studied in the past but there are no conclusive results on the operative

fracture mechanisms. Another important aspect currently lacking is the e�ect of the

protective coating under dynamic rates. Hence, to address these critical gaps, an un-

derstanding of the role of all microstructural features (substrate and coating) on the

fracture response of DP steels under varying strain rates is required. Thus, the objec-

tive of this work is to investigate and quantitatively characterize the fracture surfaces

of DP steels generated under a wide range of strain rates and gain an understanding

on the microstructure-based fracture mechanisms. Four DP steels, of two nominal

strength levels (590 MPa and 980 MPa) are subjected to strain rates spanning twelve

orders of magnitude (10� 6=sto106=s).

Three kinds of 980 MPa DP steels with and without protective coatings are in-

vestigated. While DP 590 and DP 980 contained di�erent amounts, all three DP

980 steels contained similar volume fractions of martensite. The di�erences in the

volume fractions and connectivity of the martensite in the di�erent DP steels are
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estimated using quantitative characterization of microstructures. The mechanical

properties are measured for strain rates spanning twelve orders of magnitude from

10� 6/s (quasi-static strain rate) to 106/s (dynamic strain rates). Servo-hydraulic ma-

chines, Hopkinson bar and plate impact gas gun experiments are used to generate the

di�erent magnitudes of stresses and strain rates. An important aspect of the work

performed in this study is that all of the quasi-static and intermediate strain rate

experiments on the four DP steels are conducted with the same specimen geometry

to eliminate the e�ects of post-uniform elongation and allow valid comparisons of

ductility across di�erent magnitudes of strain rates.

The e�ect of the volume fraction of martensite is discussed both in terms of its

e�ect on the mechanical properties and on the fracture response. Discussions on the

e�ects of adding protective coating layers and the resulting microstructure of the three

DP 980 steels are provided to understand the di�erences in the mechanical properties

and fracture response of these steels at both quasi-static and dynamic strain rates.

The strain rate sensitivity of both the mechanical properties and fracture response

as a function of the underlying microstructure is also explored. The main thrust of

the current work is to employ quantitative fractography, a stereological technique, to

understand the e�ects of the quantity, distribution and morphology of the various

microstructural constituents of the substrate and coating on the operative fracture

mechanisms of DP steels under varying strain rates. For this purpose, the area frac-

tions of various features observed on the fracture surfaces are estimated. Ultimately,

hypotheses for the fracture mechanisms of these steels as a function of strain rate are

presented. The signi�cance of this study is to help gain a deeper understanding on the

di�erences in microstructure obtained in DP steels of similar nominal strength levels

when processed to contain protective coatings, and the e�ects of these di�erences on

the mechanical properties and fracture response under strain rates representative of

automotive crash. The results of the current work will help design better grades for
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improved forming and higher crash-resistant automobile parts.
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CHAPTER 1

INTRODUCTION AND PROBLEM DEFINITION

The development of Advanced High Strength Sheet (AHSS) Steels was a major tech-

nological and scienti�c breakthrough for the steel industry. AHSS steels were devel-

oped in response to the strong demands of the automotive industry which were largely

two fold, �rst an increased demand for passenger safety, and second, an increase in

the fuel e�ciency of the automobile by reducing its weight. The AHSS developed

proved to be a great match to satisfy both these demands as they are designed to

have high-strengths coupled with moderate ductility and improved crash-resistance

which is ideal for increased passenger safety. They also have a high strength to weight

ratio reducing the weight of the automobile and increasing fuel e�ciency. Dual Phase

steels are a class of AHSS Steels that were among the �rst type of AHSS to be in-

corporated in the weight reduced automotive parts. The nominal microstructure of

these steels largely consists of a soft and tough ferrite phase with a stronger and

harder martensite. The morphology and distribution of these phases determine the

mechanical properties of these steels. For corrosion protection DP steels can be gal-

vanized or galvannealed among various possible alternatives. The adherent coatings

applied have a distinct microstructure and fracture behavior which is di�erent from

the substrate. The coating layers are generally brittle and reduce the bendability of

the underlying steel substrate. In order to enhance the bendability, galvannealed DP

steels have been manufactured with a decarburised layer (surface depleted of Car-

bon) to produce a graded microstructure with improved bendability and corrosion

protection.

In order to understand and improve the crash-worthiness of DP steels, an in

depth understanding of their fracture behavior is necessary. This understanding can
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be largely divided into (a) capturing the operative fracture mechanisms of the DP

steels , (b) understanding the change in the mechanisms with the presence of a mi-

crostructural gradient, and (c) evaluating the fracture mechanisms of the protective

coating layers under quasi-static and dynamic strain rates. In the past, various au-

thors [1, 2, 3] have attempted to understand a microstructure based fracture response

of DP steels, albeit at low strain rates. In order to understand the crashworthiness of

DP steels, they need to be subjected to stresses and strains under dynamic loading

conditions. Various authors [4, 5] have investigated the mechanical response of DP

steels under dynamic conditions but not a holistic fracture response. Any material de-

rives its properties from its microstructure. As the processing conditions of the steels

studied and reported vary considerably in the literature, the resulting microstructures

are also a variable for every study conducted. Hence, a detailed quantitative analysis

of the microstructure is required to gain a complete understanding of the proper-

ties. Another important feature a�ecting the mechanical properties, speci�cally the

elongation at fracture is dependant on the geometry of the specimen tested. The de-

formation of a material under dynamic rates is often a highly localized phenomenon,

and hence a geometry dependent aspect. Thus, the elongation at fracture of a material

tested under quasi-static and dynamic strain rates with di�erent geometries cannot

be compared. Furthermore, capturing the fracture response of the protective coating

is signi�cant in order to gain a complete understanding of the fracture response of

commercial DP steel. Galvannealed protective coatings on steels are brittle and may

possess cracks even in the absence of load. Investigating the response of these cracks

and those generated during loading is therefore required. Quantitative Fractography

is an essential tool that can be incorporated to gain a complete understanding of the

operative fracture mechanisms under varying strain rates. Thus, themotivation for

the proposed work is to employ quantitative fractography and conduct an extensive

study of the microstructure based fracture response of DP steels under quasi-static
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and dynamic strain rates.

The goals of the proposed work are to expand the existing knowledge of the

dynamic behavior of DP steels and to validate and provide a comprehensive analysis

of the fracture mechanisms under dynamic conditions to design DP steels which can

ultimately improve passenger safety and reduce the weight of the automobile. Thus,

to meet these goals, the objectives of the proposed research are:

� To characterize the strain rate dependence of the mechanical response of four va-

rieties of a DP steel , (i) DP 590: with lower volume fraction of the harder

martensite phase and 590 MPa nominal strength at quasi-static strain rates,

(ii) Three kinds of DP 980, which contain higher volume fractions of the harder

phase: one non-coated labelled DP 980 NC, second with a galvannealed surface

coating labelled DP 980 GAN, and the third with a galvannealed surface coating

and decarburised layer labelled DP 980 GAD. Specimen geometry of samples

using servo hydraulic and Hopkinson bar test equipment were maintained iden-

tical to eliminate the e�ects associated with sample geometry.

� To quantitatively characterize three dimensional microstructure of the tested spec-

imens via unbiased stereology and quantitative fractography.

� To utilize experimental data from mechanical testing and microstructural quan-

ti�cation to establish quantitative relationships concerning e�ects of bulk mi-

crostructure, microstructural gradient due to decarburized layer, and galvan-

nealed surface coating on the strain rate dependence of mechanical properties

and fracture micro-mechanisms in the DP steels
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CHAPTER 2

BACKGROUND

The current work is focused on understanding the microstructure-driven fracture

micro-mechanisms and mechanical properties of Dual Phase (DP) steels as a func-

tion of strain rate. Further, the addition of protective coatings such as galvannealed

steels, as well as those with a microstructural gradient is also investigated. Stereol-

ogy and quantitative measurements conducted on the microstructures and fracture

surfaces are used to hypothesize the operating fracture mechanisms and sensitivity

of the mechanisms to the strain rates the steels are exposed to, and their underlying

microstructures. The following sections contain a brief background on Dual Phase

steels, its processing, and, the e�ects of di�erent microstrcutural features and strain

rate on the mechanical properties, in addition to a detailed description of the fracture

mechanisms of DP steels at di�erent strain rate regimes. Background information on

the use of stereology and quantitative fractographic analysis techniques is also pre-

sented.

2.1 Dual Phase Steels

The term Dual Phase steels, or DP steels, refers to the class of Advanced High

Strength Sheet (AHSS) steels that is predominantly composed of two microstructural

constituents : a soft ferrite phase and a hard martensite phase. However, based on

the processing route taken, trace amounts of bainite and retained austenite can also

be present. An additional microstructural feature present in these commercial sheet

steels is a protective coating to ensure better corrosion resistance. Dual Phase Steels

were developed in response to the increased demand by the automotive industry for

passenger safety against crashes and vehicle weight reduction [6, 7]. These steels
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are designed to have a combination of high strength and energy absorption against

crashes, coupled with moderate ductility. The DP are mainly used in the structural

components such as B-pillars and side impact beams of an automobile [6, 7, 8]. The

chemical composition and processing of di�erent grades of DP steels vary consider-

ably resulting in a variety of microstructures. The addition of protective coatings

may also necessitate changes in the alloying composition depending on the speci�cs

of the manufacturing methods. The following sub-sections discuss the nominal com-

position and generic processing routes for DP steels without any coatings, and how

the changes in the composition and processing conditions to manufacture coated DP

steels in
uence the microstructure.

2.1.1 Alloying elementsand processingof Dual Phasesteel

A typical DP steel consists of low carbon content (< 0:2%C) with Mn in the range

of 0:5 � 1:5%, and micro alloying elements such as Nb, Mo, Cr, Ni, Ti and V, to

name a few. The e�ects of some of the alloying elements are given in table 2.1 [9].

The alloying elements in
uence the stability and the rates of phase transformations.

Thus, they play an important role in determining the resulting microstructure which

ultimately controls the fracture mechanism.
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Table 2.1: Function of typical alloying elements of DP steels [9]
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Another factor which in
uences the microstructure and fracture mechanism is the

thermo-mechanical processing of DP steels. A DP microstructure is attained by a

continuous annealing process. The cold-rolled steel with a ferrite-pearlite or ferrite-

bainite structure is heated to either the inter-critical temperature (betweenA1 andA3

temperatures) or austenitized completely. This is followed by rapid quenching to

convert the austenite completely into martensite (in case of inter-critical annealing),

or intersect the C-curve to partially transform the austenite to ferrite and quench the

remaining to martensite. Figure 2.1 illustrates the TTT diagram and superimposed

quenching curves (red curves on the TTT diagram) showing both the processing

routes [6]. Based on the processing route followed, the DP steel may contain some

trace amounts of retainedaustenite and/or bainite, which are undesirable as they

are not as strong as martensite. The amount of martensite formed is dependent

on three major factors: the alloying elements present, the quenching rate, and the

inter-critical annealing temperature. While the inter-critical temperature and holding

time control the nucleation and growth of austenite formed and hence the resulting

martensite, the quenching rate controls the residual stresses. A slow cooling to the

quench temperature followed by rapid quenching results in lower residual stresses and

better overall mechanical properties [6].

The aforementioned processing technique is suitable for a cold-rolled DP steel

without any coatings. However, protective coatings are an important part of com-

mercial DP steels, as they protect the steel substrate from corrosion. The processing

technique employed to obtain a galvannealed DP steel is discussed ahead.

Galvannealed DP steels: The processing of the galvannealed layer begins by im-

mersing a clean, oxide free sheet steel in a molten zinc bath. The zinc adheres to

the sheet metal and the excess molten zinc is removed. The zinc bath contains small

amounts of Al added to: (i) improve the re
ectivity of the coating, (ii) reduce the ox-
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idation of zinc in the bath and (iii) improve the ductility and adhesion of the coating

by preventing the formation of brittle Zn-Fe phases. Hot dip galvanizing is followed by

annealing the sheet in the temperature range of 5000 � 5650C to promote the di�usion

of zinc and iron to form alloy layers within the coating. The galvannealing process

also has an unintentional e�ect of auto-tempering the martensite. Additionally, since

the cooling rate of the coated steel is typically slower compared to its uncoated coun-

terpart, the hardenability of galvannealed steels needs to be designed carefully. To

accommodate these process changes, the alloy composition may need to be altered

from the nominal uncoated, faster cooled DP steels. Two important parameters to

be considered when altering or choosing the alloying elements for galvannealed steels

are that they need to improve the hardenability and at the same time not impede the

wettability of the coating layer to the substrate. A number of studies have discussed

the particular elements that can be used to obtain a galvannealed steel with a dual

phase core [10, 11, 12, 13, 14]. Figure 2.2 (a) shows the schematic of a nominal gal-

vannealing heat treatment process resulting in a dual phase microstructure. Since the

galvannealing process can result in the auto-tempering of martensite in addition to

slower cooling rates, it is important to ensure that the yield point elongation (YPE)

phenomenon does not reappear. Figure 2.2 (b) shows the stress-strain behavior of a

galvannealed steel con�rming the absence of YPE and continuous yielding, indicating

the presence of su�cient amount of martensite. Figure 2.2(c) shows the schematic of

a typical galvannealing process during the production of steel coils.
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Figure 2.1: Typical TTT diagram of a steel; red curves depict the superimposed
quenching curves from above theAc3 temperatures(completely austenised) or from the
intercritical regime resulting in the formation of ferrite and martensite microstructure.
[6]
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Figure 2.2: (a) Heat treatment of a typical galvannealed DP steel, (b) Representative stress-strain curve of a galvannealed DP
steel showing continuous yielding with� 20% martensite [10], (c) Schematic layout of galvannealing line for producing coils [15]
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Although the galvannealed layer enhances the corrosion performance of DP steels,

it reduces the bendability of the steel which is important for the production of com-

mercial parts.

As a method to improve the bendability of High Strength Steels, ArcelorMittal

has designed a novel method of decarburizing the surface of dual phase steels which

results in a gradient in the �nal microstructure. The decarburizing is obtained by

introducing an oxidizing atmosphere and controlling the depletion of carbon from the

steel surface. This results in a steel with a graded microstructure with a depleted

carbon surface and a dual phase core.

The microstructures of DP steels can have a lot of variables such as the volume

fraction, distribution and size of phases, coating layers and microstructural gradients.

This has a direct impact on the mechanical properties and the fracture mechanisms.

A detailed discussion is provided ahead.

2.2 Mechanical properties and fracture response of DP steels at Quasi-

static strain rates.

The microstructural features of DP steels are largely responsible for the resulting

mechanical properties and fracture response. The following sub-sections discuss these

e�ects in the case of the steels tested at quasi-static strain rates (10� 4to100=s).

2.2.1 E�ects on MechanicalProperties

DP steels consist of a composite structure composed of a soft and ductile ferrite along

with a harder, stronger martensite. Previous studies have shown that the tensile

strength of DP steels increaseslinearly with an increase in the volume fraction of

martensite and can be determined using a simple rule of mixtures, given in equation
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1 [16, 17].

� DP = � � (1 � VM ) + � M VM (1)

where,� DP is the strength of the DP steel,� � and � M are the strengths of ferrite

and martensite phases respectively, andVM is the volume fraction of martensite.

However, a study conducted by Birgani et al. [18] demonstrates that the rule of

mixtures does not apply in all circumstances. The study investigated the e�ect of

increasing volume fraction of martensite (VM ) by keeping the bulk carbon in the steel

the same. As a result, asVM increases, the carbon partitioned in the martensite

phase reduces. Thus, at higherVM , deviation from the rule of mixtures is observed as

the strength of the steel is shown to be dependent on not only the volume fraction of

martensite but the carbon partitioned in it. Figure 2.3 (a) plots the carbon partitioned

in the steel as a function ofVM , and �gure 2.3(b) shows the e�ect of the same on the

tensile strength of the steel.

On the contrary, studies conducted by Fonstein et al. [19] conclude that the

tensile strength and the yield strength are both independent of the carbon content

in the steel. Steels with varying carbon content in the bulk steel but similarVM

were prepared such that the carbon partitioned in the martensite phase for a given

VM would be di�erent. As shown in �gure 2.4 (a) and (b), steels with di�erent

bulk carbon but similar VM shows a similar response for tensile and yield strengths.

While the insensitivity of YS can be attributed to elastic deformation of martensite

at low strains, the tensile strength behavior is more complicated and is controlled

by additional microstructural features, such as the connectivity of the ferrite and

martensite phases.

As discussed in previous sections, processing conditions play an important role

in determining the microstructures of DP steels. Based on the size of the resulting

ferrite and martensite phases, they can be classi�ed as coarse or �ne-grained DP

steels. The distribution of martensite within the microstructure can be classi�ed as
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banded or uniformly distributed equiaxed. Banding of martensite is a common phe-

nomenon observed in these microstructures and is largely attributed to the presence

of alloying elements such as manganese and silicon that promote the segregation of

carbides leading to preferential martensite formation(usually along the center of the

steel thickness). A review of the literature [20, 1, 6] has shown that a �ne, equiaxed

ferrite grain structure with uniformly distributed martensite results in the best com-

binations of strength and ductility. Although the volume fraction of martensite is

expected to be inversely related to the total elongation, the latter is a function of

how voids nucleate and coalesce in the steel and, thus, is in
uenced more by the

strength and distribution of the phases, than by the volume fraction alone.

Bag et al. [1] conducted a series of tensile tests on DP steels with varying volume

fraction of martensite (VM ). Steels with lowerVM had a coarse ferrite grain structure

with carbides and martensite, while they obtained a �ner ferrite grain structure with

martensite and carbides at higherVM . The highest VM of 80% showed blocks of

martensite and ferrite. As illustrated in Figure 2.5 (a) and (b) the tensile test results

illustrate an increase in the strengthand total elongation of DP steels with an increase

in VM . The increase in strength due to high martensite content is expected while the

increase in elongation is due to a �ner microstructure. The elongation drops with the

highestVM which has a coarse microstructure. The behavior of DP steels also follows

the Hall-Petch relationship with a �ner microstructure resulting in a higher strength,

as shown by Calcagnotto et.al [20] and illustrated in �gure 2.5 (c).
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Figure 2.3: Plots showing the e�ect of increasing volume fraction of martensite (VM )
(for a given composition of steel)on (a) carbon content of martensite and (b)UTS of
the steel. Increasing theVM reduced the carbon in the martensite which in turn did
not increase the UTS beyond a threshold ofVM as the strength of the martensite is
derived from the amount carbon partitioned in it [18]
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Figure 2.4: Plots showing that the (a) tensile strength and (b) yield strength depend
only on the volume fraction of martensite and are independent of the carbon content
in the DP steel. The open circles represent carbon levels of 0.07%, open triangles
represent 0.10% and open squares represent 0.18%. The dashed lines correspond to
the strength levels calculated by the authors using various models. [19]
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Figure 2.5: Plots showing the e�ect of increasingVM on the (a) increase in strength and (b)largely an increase in total elongation
of DP steels. Excluding the 80%VM , higher VM resulted in a �ner microstructure. [1], (c) Plots showing the e�ect of re�ning
the microstructure on the strength and ductility of DP steels wheredf is the average ferrite grain size. The Ultra Fine grained
DP steel showed the highest strength [20]

16



Dual Phase steels show continuous yielding and high initial strain hardening. The

continuous yielding phenomenon is attributed to the presence of mobile dislocations.

The absence of the yield point elongation is attributed to the presence of a certain

amount of martensite, and processing conditions imposed on it [19]. The strain

hardening behavior of DP steels has also been widely studied and di�erent stages

within the hardening curve have been identi�ed. A number of models including the

Hollomon [21], Pickering [22] and Bergstrom[23] model have been used to capture the

stress-strain response of the DP steels. Birgani et al. [18] studied the in
uence of

martensite volume fraction on the work hardening behavior of DP steels and observed

that steels with a volume fraction of greater than 70% showed a two-stage hardening

process. Figure 2.6 (a) and (b) show the strain hardening behavior for DP steels with

di�erent volume fractions of martensite. While a lower volume fraction shows single

stage hardening, higher volume fraction shows two stages. A di�erent result was

observed by Zhang et al. [24] by varying the morphology, connectivity, and volume

fraction of the martensite phase and using a Crusard-Jaoul (CJ) model. A multi-stage

hardening behavior is converted to a single stage as the volume fraction of martensite

is increased. The di�erent stages included, �rst, the deformation of ferrite and the

movement of Geometrically Necessary Dislocations (GNDs) at the ferrite-martensite

interface. The second stage involved predominantly the deformation of ferrite and

the third stage involved the deformation of both the phases. The morphology of

martensite was also observed to in
uence the strain hardening behaviour. Blocky

martensite showed a lower strain hardening than �brous martensite for similar volume

fractions as shown in Figure 2.6 (c) and (d). The deformation and fracture behavior

of DP steels will be discussed in detail in the sections ahead.
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Figure 2.6: Strain hardening behavior using Hollomon analysis of DP steels as a
function of volume fraction of martensite at (a) lower volume fraction and (b) higher
volume fraction of martensite. The number of stages of strain hardening increase with
an increase of volume fraction of martensite. Strain hardening behavior of DP steels
using the Crussard-Jaoul analysis as a function of the morphology of martensite with
(c) �brous martensite and (d) blocky martensite [24]

2.2.2 E�ect on deformation and fracture response

The following discussion has been subdivided to discuss the deformation of DP steels

and crack initiation followed by the fracture surfaces resulting from uniaxial tensile

tests.

Deformation and strain partitioning in DP steels: Since DP steels consist of

a composite structure with the phases having starkly di�erent plasticity, the global

strains in the steel are not partitioned equally between the ferrite and martensite

phases. This in-homogeneous deformation can be classi�ed into three stages: the
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�rst stage is when both phases deform elastically; the second stage is when ferrite

deforms plastically but martensite remains elastic; and the third stage is when both

phases deform plastically [24, 25]. The partitioning ratio has also been observed to

be a function of the volume fraction of martensite. For steels with a similar bulk

carbon, a higher martensite volume fraction can lead to a tougher martensite which

can deform to a greater extent when compared to the same steel quenched to have

a lower volume fraction of martensite. Figure 2.7 shows the strain partitioning ratio

between the two phases at di�erent volume fractions of martensite [25].

Figure 2.7: Plot showing the strain partitioning ratio as a function of the volume
fraction of martensite with the higher volume fractions of martensite showing a higher
ratio indicating a greater toughness and plasticity of the martensite phase [25].

Another important microstructural feature which controls deformation and strain

partitioning is the connectivity and distribution of the phases. Park et al. [26]

studied this phenomenon by using four DP steels with similar volume fractions of

martensite (� 30%) but varying size of the phases and connectivity. They found that

the connectivity of martensite leads to an increase in the deformation of the phase and

a reduction in the extent of strain partitioning between the phases. Dispersed islands

19



of martensite mean a continuous ferrite matrix enabling the deformation by slip to

continue by propagating through ferrite grain boundaries. On the other hand, in a

connected martensite network, this deformation is restricted and enables the stress

being partitioned into the harder phase, thus showing greater martensite plasticity.

This is illustrated on the equivalent strain maps of the di�erent DP steels in Figure

2.8.

Figure 2.8: Equivalent strain maps and amount of strain partitioned into the ferrite
and martensite phases at di�erent strain levels for (a) dispersed martensite phase
and (b) connected martensite phase. The connected martensite phase shows greater
plasticity [26].

Void Nucleation and growth The fracture mechanisms of DP steels are largely

governed by void nucleation, growth, and coalescence [6, 1, 5]. As elucidated in the

works by Cingara et al. [2] , Bag et al. [1] and Ramazani et al. [3], the failure

of DP steels is initiated by martensite cracking. Ramazani et al. [3] reported that
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martensite cracking is initiated at a comparatively lower plastic strain in steels in

banded and coarse microstructures, in comparison to steels with �ne and evenly dis-

tributed martensitic structures. Owing to the crack initiating at a lower threshold of

strain, the crack propagates earlier and leads to premature fracture and low ductility.

Figure 2.9 comprises the cracking of martensite under plastic strain for (a) banded

microstructure and (b) equiaxed microstructure. Hence, even microstructures with a

higher VM but a �ner grain structure of ferrite and evenly distributed martensite can

lead to higher ductility as observed by Bag et al. [1].

Figure 2.9: Deformed microstructures and fracture pro�le deformation with di�erent
martensite distributions for (a) dispersed martensite showing greater fracture strain
and (b) banded martensite showing a lower fracture strain. Irrespective of distribu-
tion, both steels showed fracture initiation by martensite cracking [3]

Initiation of voids on inclusions and decohesion at the ferrite-martensite phases are

also important damage mechanisms. Lai et. al [27] observed a change in dominant

crack initiation mechanism to be a function of the volume fraction of martensite.
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While at higher volume fractions of martensite, the cracking of the phase (especially

in the connected martensitic bands) was observed to be dominant, with a decrease

in the volume fraction, interfacial decohesion can become the prominent method of

damage initiation. This can be attributed to a more strained interface with a lower

volume fraction of the harder martensite since it has higher carbon partitioned in

it. Figure 2.10 shows the dominant damage initiation mechanism at di�erent volume

fractions of martensite.

Figure 2.10: Fracture initiation in DP steels as function of the volume fraction of
martensite showing (a) interfacial decohesion at lower volume fraction of martensite
(b) cracking of martensite bands at higher volume fractions of martensite [27].

Voids nucleated during the deformation process have been quanti�ed by using

X-Ray microtomography [28], and void counting [29, 30] techniques. The size and

distribution of voids are also observed to be a function of both the volume fraction and
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