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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 effect 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 different amounts, all three DP

980 steels contained similar volume fractions of martensite. The differences in the

volume fractions and connectivity of the martensite in the different 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

different 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 effects of post-uniform elongation and allow valid comparisons of

ductility across different magnitudes of strain rates.

The effect of the volume fraction of martensite is discussed both in terms of its

effect on the mechanical properties and on the fracture response. Discussions on the

effects of adding protective coating layers and the resulting microstructure of the three

DP 980 steels are provided to understand the differences 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 effects 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 significance of this study is to help gain a deeper understanding on the

differences in microstructure obtained in DP steels of similar nominal strength levels

when processed to contain protective coatings, and the effects of these differences 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.

xxvii



CHAPTER 1

INTRODUCTION AND PROBLEM DEFINITION

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

nological and scientific 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, first an increased demand for passenger safety, and second, an increase in

the fuel efficiency 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 efficiency. Dual Phase

steels are a class of AHSS Steels that were among the first 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 different 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 affecting the mechanical properties, specifically 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 different geometries cannot

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

is significant 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, the motivation 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 effects 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-

tification to establish quantitative relationships concerning effects 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 effects of different microstrcutural features and strain

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

mechanisms of DP steels at different 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 different 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 specifics

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 influence the microstructure.

2.1.1 Alloying elements and processing of Dual Phase steel

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 effects of some of the alloying elements are given in table 2.1 [9].

The alloying elements influence 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 influences 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 (between A1 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 reflectivity 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 diffusion

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

also has an unintentional effect 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 confirming the absence of YPE and continuous yielding, indicating

the presence of sufficient 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 the Ac3 temperatures(completely austenised) or from the
intercritical regime resulting in the formation of ferrite and martensite microstructure.
[6]
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(a) (b)

(c)

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 final 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

effects in the case of the steels tested at quasi-static strain rates (10−4to100/s).

2.2.1 Effects on Mechanical Properties

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 increases linearly 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].

σDP = σα(1− VM) + σMVM (1)

where, σDP is the strength of the DP steel, σα and σM are the strengths of ferrite

and martensite phases respectively, and VM 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 effect of

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

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

phase reduces. Thus, at higher VM , 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 of VM , and figure 2.3(b) shows the effect 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 similar VM

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

VM would be different. As shown in figure 2.4 (a) and (b), steels with different

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 classified as coarse or fine-grained DP

steels. The distribution of martensite within the microstructure can be classified 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 fine, 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 influenced 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 lower VM had a coarse ferrite grain structure

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

martensite and carbides at higher VM . 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 strength and 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 finer microstructure. The elongation drops with the

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

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

as shown by Calcagnotto et.al [20] and illustrated in figure 2.5 (c).
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(a)

(b)

Figure 2.3: Plots showing the effect 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 the VM reduced the carbon in the martensite which in turn did
not increase the UTS beyond a threshold of VM as the strength of the martensite is
derived from the amount carbon partitioned in it [18]
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(a) (b)

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 effect of increasing VM 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 finer microstructure. [1], (c) Plots showing the effect of refining
the microstructure on the strength and ductility of DP steels where df is the average ferrite grain size. The Ultra Fine grained
DP steel showed the highest strength [20]
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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 different stages

within the hardening curve have been identified. 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 influence 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

different volume fractions of martensite. While a lower volume fraction shows single

stage hardening, higher volume fraction shows two stages. A different 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 different stages included, first, 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 influence the strain hardening behaviour. Blocky

martensite showed a lower strain hardening than fibrous 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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VM= 23% VM= 70%
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(c) (d)

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) fibrous martensite and (d) blocky martensite [24]

2.2.2 Effect 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 different plasticity, the global

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

phases. This in-homogeneous deformation can be classified into three stages: the
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first 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 different volume fractions of martensite [25].

Decreasing 
Volume fract ion 

of martensite

VM= 50%

VM= 37%

VM= 27%

VM= 17%VM= 24%

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
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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 different DP steels in Figure

2.8.

(a)

(b)

Figure 2.8: Equivalent strain maps and amount of strain partitioned into the ferrite
and martensite phases at different 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 fine 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 finer grain structure of ferrite and evenly distributed martensite can

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

(a)

(b)

Figure 2.9: Deformed microstructures and fracture profile deformation with different
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.

21



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 different volume

fractions of martensite.

(a)

(b)

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 quantified 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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distribution of martensite. Mazinani et. al [29] observed a decrease in the number

and area fraction of voids as the volume fraction of martensite increased. This is

attributed to the increased plasticity of martensite at higher volume fractions with the

same carbon content as the lower volume fractions. In addition, while void nucleation

shows a linear behavior with the far field thickness strain at lower volume fractions

of martensite, the higher volume fraction of martensite shows a non-linear response

as shown in figure 2.11 (a). A connected and banded martensitic structure displayed

a greater plasticity compared to an equiaxed martensitic structure, as depicted by

the red circles in figure 2.11 (b). Figure 2.11 (c) and (d) show the variation in the

distribution of voids in DP steels as a function of the volume fraction and far field

thickness strains.

Additional information regarding the mode and mechanism of fracture can be

obtained by observing the characteristics of the fracture surface

2.2.3 Fracture surface response

The fracture surfaces of DP steels are largely ductile and dominated by dimples at

all volume fractions of martensite. However, a relationship between the fracture

features and the microstructural features has been observed. Lai et al. [27] observed

a qualitative increase in the formation of brittle facets in the fracture surface at higher

volume fractions of martensite. Park et al. [26] found that a connected martensitic

structure prevented substantial necking of the specimen and also led to the formation

of qualitatively finer dimples. Figure 2.12 shows the fracture surfaces of DP steels

with different martensite connectivity.

Cingara et al [31] attempted to identify ferrite and martensite on the fracture

surface, figure 2.13 (b). Features which have been described as larger and deeper

dimples along the center line of a sample have been reported to occur due to central

band of the martensite phase as shown in figure 2.13(a). A few studies [32, 33] have
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(a) (b)

(c) (d)

Figure 2.11: (a) Plot showing the distribution of voids as a function of volume fraction
of martensite with lower volume fractions showing a larger area fraction and a linear
dependence of voids as a function of true thickness strain, and a higher volume fraction
of martensite showing fewer voids, (b) plot showing the strain in the martensitic
phase as a function of the distribution of martensite. The red circles show a larger
strain in the banded structure vs the equiaxed structure, (c) Fracture profile showing
the distribution of voids in the steel with 17% martensite and banded structure,(d)
fracture profile showing the distribution of voids with 41% martensite and banded
structure. [29]

identified brittle features observed in the center of the steel, and have associated

their origin to manganese sulphide (MnS) inclusions along the martensite segregated

central line. Similar features have also been observed in TRIP steels with a central

harder phase band in the microstructures [34]. Figure 2.13 (c) and (d) show the

features identified and the EDX map confirming the presence of MnS inclusions.
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(a) (b)

(c) (d)

Figure 2.12: (a) Low magnification fracture surface of a DP steel with an equiaxed
martensite distribution showing considerable necking, (b) low magnification fracture
surface of DP steel with a connected martensitic structure preventing substantial
necking, (c) higher magnification image of (a) showing a ductile dimple fracture and
(d) higher magnification image of (b) showing dimple ductile features. The authors
qualitatively characterized the dimples in the connected martensite steel to be finer
[26].
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(a) (b)

(c) (d)

Figure 2.13: (a) Fracture surface of DP steel showing a central crack running corresponding to the central band of martensite,
(b) a high magnification fracture surface identifying ferrite and martensite, (c) Low magnification SEM images of the brittle
regions highlighted by the white rectangles, (d) higher magnification images in the previously identified brittle regions showing
the inclusions and the EDX map confirming the inclusions to be MnS [32].
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2.3 Mechanical properties and fracture response of DP steels at high

strain rates.

As previously discussed, DP steels are used as the structural components of an auto-

mobile, thus demanding characteristics such as high formability during manufactur-

ing and crash worthiness during use are requirements. Forming operations subject a

material to strain rates of the order of 10/s to 102/s, while crash worthiness testing

involves strain rates of the order of 102/s to 104/s. Hence, in order to comprehensively

determine the mechanical response of Dual Phase steels, a detailed understanding of

its behavior as a function of these higher strain rates is required. This section reviews

the understanding by considering the following aspects:

(a) Introduction to dynamic testing of sheet steels

(b) Strain rate sensitivity of DP steels: dynamic strain rate tensile tests.

(c) Fracture response under dynamic strain rates.

(d) Plate Impact dynamic tensile (spall) tests

Varying the strain rate of a material during testing provides two important pieces

of information: First, it determines if the deformation is occurring under isothermal

or adiabatic conditions based on the speed of the test [35]. Second, it determines

the strain rate sensitivity of the material based on the hardening response of the

material. [36, 37, 38]. Under quasi-static conditions, once a material is deformed

plastically, work hardening occurs due to interlocking of dislocations. Under high

strain rates, an opposing effect of work-hardening and work-softening can occur due

to adiabatic heating and insufficient time for dissipation of heat generated due to

plastic deformation[4]. Mason et al. [39] have reported that about 80-90% of the

energy is converted to heat during dynamic testing of aluminum and steel.
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2.3.1 Introduction to dynamic testing of sheet steels at Intermediate strain rates

The uniaxial tensile properties of Dual phase steels under quasi-static strain rates

have been well documented in the literature. In order to subject the material to

dynamic rates, experiments such as the Hopkinson bar test (also known as the Koslky

bar) have been conducted. Bertram Hopkinson in 1914 [40] developed a novel method

of subjecting a metal bar to dynamic strain rates and measuring the stress pulse

propagating through it. Koslky and Davis [41, 42] improved the method by using

two bars and incorporating electrical condensers and cathode ray oscilloscopes to

record the stress pulse. Though these experiments were originally designed to subject

the specimen under compression, with further advancement of the field, tension and

torsion testing methods have also been developed[43, 44].

Figure 2.14(a) illustrates the basic working principle of the Hopkinson bar [45].

As the striker impacts the incident bar, a compressive stress wave is propagated

along the bar. Upon reaching the transmitted bar-specimen interface, part of the

wave is reflected and part is transmitted through the specimen. The transmitted

wave propagates through the specimen and enters the transmitted bar. Strain gauges

mounted on the incident and transmitted bar capture the real time stress pulses

propagating through them. Under the safe assumption that the bars remain elastic

and wave dispersion being minimal, the measured stress pulses can be attributed to

the response of the specimen alone. The equations below relate the strains obtained

from the strain gauges attached to the bars, to the stress-strain response of the

specimen [46]. In order to obtain the strain rate (ε̇),the following equation is used:

ε̇ =
2C0εR
li

(2)

where εR represents the reflected strain pulse measured, C0 is the bulk sound speed

of the bars, and li is the length of the specimen. The strain is found by the direct
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integration of the above equation:

ε(t) =

∫
ε̇(τ)dτ (3)

The stress in the specimen can be computed using only the transmitted stress wave

(one-wave analysis) or by averaging over all three incident, transmitted and reflected

waves. The one wave stress analysis is given by:

σs(t) =
AbEεt(t)

As
(4)

The three wave stress analysis is given by the equation:

σs(t) =
AbEεt(t)

2As
(εI + εR + εT ) (5)

where Ab and As represent the cross-sectional areas of the bar and the specimen

respectively. Further, εI , εR and εT represent the strains generated by the incident,

reflected and transmitted waves respectively. Figure 2.14(b) illustrates the voltage

time traces and the resulting stress-strain response developed using a one-wave or a

three-wave stress analysis [45, 46].

The above equations capture the deformation under compression. The equation for

deformation under tension is not significantly different. The real challenge until recent

years has been to incorporate sheet metals in the Hopkinson bar testing which were

initially designed and optimized for cylindrical specimens [47, 48, 49]. The literature

describes various routes taken by authors with regards to the challenge and some of

the dynamic behavior captured by them in DP steels [50, 47, 4, 51] has been discussed

further.
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(a)

(b)

Figure 2.14: (a)Nominal setup of a Hopkinson Bar under compression. The figure
also shows the different strains at the interface (b) The incident, transmitted and
reflected waves generated in the bars. The stress-strain response can be captured
using only the transmitted wave (blue- one wave analyses) or by incorporating all
three waves (red- three wave analyses). [45]

2.3.2 Strain rate sensitivity of DP steels

Dual Phase steels have been observed to show positive strain rate sensitivity as the

flow stress increases with an increase in strain rate. The ductility of the steels nomi-

nally decreases with an increase in the strain rate. Wang et al. [4] studied the effect

of increasing the martensite content on the dynamic behavior of Dual Phase Steels.

Figure 2.15 (b)-(d) depict the mechanical properties for three steels: DP 600, DP

800 and DP 1000 with increasing content of martensite respectively. DP 1000 con-
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tained more than 70% martensite. The figures illustrate an increase in the tensile

strength and decrease in the total elongation of DP steels at dynamic rates. They

further observed that the steels with the least content of martensite(DP 600) exhibit

a higher increase in strength with an increase in strain rate (positive strain rate sen-

sitivity), while DP steels with more than 70% martensite (DP 1000) show little to

no effect with an increase in strain rate. This result was attributed to high plasticity

of ferrite and that steels with a higher amount of ferrite would show a higher strain

rate sensitivity. A similar effect can be observed as the test temperature is increased.

Curtze et al. [52] tested DP steels with varying volume fraction of martensite under

dynamic rates and at high temperatures. The steels did not show a large variation

in mechanical properties with increase in temperature at quasi-static strain rates but

showed a substantial difference at dynamic rates. As illustrated in figure 2.15 (e)

and (f), the DP steels are more sensitive to strain rate than temperature, a property

typical of metals that deform by dislocation glide and interactions [52, 8, 23].
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(a) (b) (c)

(d) (e) (f)

Figure 2.15: Quasi-Static and Dynamic tensile stress-strain response of DP steels. (a) quasi-static response of DP steels [53],
Quasi and Intermediate strain rate response of (b) DP 600, (c) DP 800 and (d) DP 1000 with DP 600 showing the maximum
positive strain rate sensitivity [4]. Effect of increasing temperature on DP 600 steels at strain rates of (e) 10−3/s and(f) 1200/s
strain rate [52]
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The ductility of a sheet steel when subjected to high velocity forming is signifi-

cantly different from that seen under quasi-static conditions [54, 55, 56]. The post-

uniform elongation is greatly affected by the strain rate. Seth et al. [57] conducted

formability experiments using a punch on cold rolled sheet steels and reported that

at high forming rates, fracture elongation increased. Thus, at high strain rates, the

fracture elongation is a geometry dependent local phenomenon and materials exhibit-

ing low quasi-static ductilities can report high ductilities under increased forming

velocities [57, 4].

Singh et al. [58] studied the mechanical properties and the deformation and

fracture surfaces of DP steels with different volume fractions ( 19% and 67% ) and

spatial distributions of martensite, at quasi-static and dynamic strain rates. DP steels

with the highest volume fraction of martensite showed the lowest strain rate sensitivity

in strength. An interesting result was the increase in uniform and total elongation in

the steel with a higher volume fraction of martensite, and a reverse trend in the steels

containing lower volume fractions. The phenomenon was attributed to the low strain

rate sensitivity of martensite to strain hardening, causing a minimal change in stress,

but at the same time, a high susceptibility to adiabatic heating induced softening,

leading to an increase in uniform and total elongation. The deformed microstructures

with higher volume fraction of martensite showed significant martensite deformation

along with crack tip blunting and crack bifurcation upon encountering the ferrite

phases. These were the effects that were cited in aiding the increase in ductility at

higher strain rates.

After a review of the literature, an important observation regarding the specimen

geometries used for dynamic testing deserves mention. Due to the absence of a

standard specimen geometry for dynamic tensile testing, various authors have used

different geometries for conducting dynamic tensile tests on materials. The ductility

and final fracture strain of a material are geometry dependent properties. Figure 2.16
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illustrates the differences observed in the final strain of similar Dual Phase steels with

different specimen geometries. Figure 2.16 (a) and(b) depict the results obtained by

Huh et al. [5] who tested DP steels with the same specimen geometry (Figure 2.16

(c)) in the strain rate range of 10−3/s to 102/s and did not observe a drop in final

strain, while Figure 2.16 (d) illustrates the results obtained by Yu et al. [50] who

used different specimen geometries for quasi-static (Figure 2.16(e)) and intermediate

strain rates(Figure 2.16(f)) that resulted in a reduction in final strain. Though the

strain values reported by Huh et al. [5] are engineering strain, a safe assumption

that the true strain will follow the same trend can be made. According to a study

conducted by Verleysen et al. [49, 47], that tested seven specimen geometries at

various strain rates, they observed that at higher values of strain, the strain field is

non uniform in the gage length of the sample. By changing the gage length, width

and radius of the samples, the study concluded that the stress strain behavior of the

same material with different geometries should not be compared as the distribution

of deformation is strongly affected by specimen geometry. The tests were performed

on Transformation Induced Plasticity (TRIP) steels, however, the general results can

be extended on all ductile materials.
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(a) (b) (c)

(d)
(e)

(f)

Figure 2.16: Effect of geometry on the ductility of DP steels. Stress-Strain curves at quasi-static and intermediate strain rates
of (a) DP 600 and (b) DP 800 steels using the geometry depicted in (c) [5], (d) Stress-Strain curves reporting a drop in ductility
at higher strain rates using a different geometries for quasi-static tests:(e), and dynamic tests:(f) [50].
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2.3.3 Fracture at high strain rates

As discussed earlier, fracture surface can be affected by the microstructure and strain

rate. Effects of microstructure on the fracture path and fracture surface were discussed

in the previous section. Effects of strain rate on the fracture surface geometry of Dual

Phase steels are discussed next.

The fracture surface of DP steels even under high strain rates of 103/s has been ob-

served to have a dimpled morphology [5, 4, 50]. Wang et al. [4] conducted high strain

rate experiments on Dual Phase steels with increasing percentages of martensite. The

fracture surfaces in these steels appear to have lower extent of dimpled fracture at high

martensite volume fraction. Dual Phase steels with about 65% martensite (DP 1000)

showed predominantly quasi-cleavage fracture morphology indicating brittle behavior

at lower strain rates and a more dimpled appearance at a higher strain rates. This

was also in tandem with the elongation observed in the specimens which increased

with an increase in strain rate for specimens with higher volume fraction of martensite

and was attributed to a softening effect due to adiabatic heating. Figure 2.17 shows

the fracture surfaces of Dual phase steels. Figure 2.17 (a) and(b) show the fracture

surface of DP600 steel under strain rates of 10−3/s and 103/s respectively, and (c)

and (d) depict the fracture surface of DP 1000 Steel under strain rates of 10−3/s and

103/s respectively.

Furthermore, Singh et al. [58] observed the fracture features of DP steel with 67%

martensite and showed that they contained a greater amount of shear like faceted

fracture accompanied by void networks as shown in figures 2.18 (a) and (b). The

dimple sizes at quasi-static and dynamic strain rates were measured and larger dim-

ples at higher strain rates were observed. The larger dimples were attributed to

enhanced plasticity hindering the void nucleation at higher strain rates. Figures 2.18

(c) and (d) show the dimple size distribution for strain rates of 2.7∗10−4/s and 650/s,

respectively.
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(a) (b)

(c) (d)

Figure 2.17: Fracture surfaces of Dual Phase steels at different strain rates, (a) DP
600- 10−3/s,(b)DP 600 103/s, (c)DP1000 10−3/s, (d) DP 1000 103/s. DP 600 showed
reduced plasticity at higher strain rates whereas DP 1000 showed a more ductile
dimpled region at higher rates indicating improved plasticity [4].

Das et. al [51] investigated the dynamic behavior and fracture response of DP

600 and DP 800, with DP 600 having a lower volume fraction of martensite and a

larger ferrite grain size and DP 800 having a larger volume fraction of martensite

and smaller ferrite grain size. The strength of DP 600 showed a greater strain rate

sensitivity compared to DP 800, however, no significant increase in ductility was

observed in either steels. With observations made on the fracture surfaces coupled

with TEM studies, the primary failure mechanism observed in DP600 was interface

decohesion at all strain rates. However, in DP 800 steels, while martensite cracking
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(a) (b)

(c) (d)

Figure 2.18: (a) and (b) show the void network (yellow lines) and deeper dimples and
facets (white arrows) in the steel with 67% martensite at 2.7 ∗ 10−4/s and at 650/s
strain rates respectively. (c) and (d) show the dimple size distribution in the same
steel at 2.7x10−4/s and at 650/s strain rates respectively

was deemed to be the primary mode of failure at quasi-static strain rates, it switched

to interface decohesion at higher strain rates. Additionally, the TEM studies showed

that while DP 600 formed finer dislocation cells at higher strain rates, DP 800 did

not show dislocation cells at lower strain rates but rather martensite fragmentation

at higher strain rates. Figure 2.19 shows the TEM images for DP 600 and DP 800 at

the low and high strain rates.

An important point to consider regarding the previous studies is the use of different

geometries at quasi-static and dynamic strain rates. As discussed before, the geometry
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(a) (b)

(c) (d)

Figure 2.19: (a) and (b) show the void network (yellow lines) and deeper dimples and
facets (white arrows) in the steel with 67% martensite at 2.7 ∗ 10−4/s and at 650/s
strain rates respectively. (c) and (d) show the dimple size distribution in the same
steel at 2.7x10−4/s and at 650/s strain rates respectively

can play a significant role in determining both the uniform and total elongations.

Hence, one has to be careful when comparing the elongations at different strain rates

obtained from different geometries and correlating the fracture mechanisms to the

observed mechanical response.

Additionally, although there are a number of studies that have quantified and dis-

cussed the number and sizes of dimples and voids in the fracture surfaces of DP steels,

little to no studies exist that systematically classify and quantify all the features ob-

served in the fracture surfaces spaning a range of strain rates. The dynamic response

of DP steels under strain rates of 104/s and higher has also not been investigated.

A brief introduction and the procedures employed to test materials under such high
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strain rates is presented ahead.

2.3.4 Plate Impact Dynamic Tensile (Spallation) tests

Dynamic mechanical properties of materials at strain rates of higher than 104/s can

be achieved by using a plate-on plate-impact test method. The plate impact test is a

technique used to probe the dynamic mechanical properties that generates a uniaxial

strain within the targeted material. The uniaxial strain is induced by propogation

of planar, parallel shock waves generated upon impact [59]. A comprehensive under-

standing of the interaction of shock waves and microstructure, nucleation and growth

of damage can be achieved using these tests. In this section, a brief overview of the

fundamentals of shock wave propagation, calculation and determination of the spall

strength and Hugoniot Elastic Limit (HEL) and an over view of dynamic fracture is

presented.

Overview on shock propagation

A discontinuity in density, pressure or internal energy can be defined as a shock wave.

The current study focuses on the shock waves generated during a planar impact,

although, shock waves can be generated using other techniques such as high energy

lasers or by detonating explosives. A shock wave occurs when the hydrostatic stress

component exceeds the dynamic flow stress and can be characterized as having a

steep front generating a uniaxial strain loading condition, leading to an increase in

the hydrostatic stress levels. Figure 2.20 shows a schematic representing a shock

front.

The shock wave parameters can be determined by using the Rankine Hugoniot

conservation equations [60, 59]. The parameters are computed by using the mass,
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Figure 2.20: Shock wave schematic depicting the original state of the material and
the state after it is affected by the shock wave [59].

momentum and energy conservation equations and are shown below:

Conservation of Mass

ρ0US = ρ(US − UP )

where ρ0 is the ”shock impedance”

(6)

Conservation of Momentum

(P − P0) = ρ0USUP

(7)

Conservation of Energy

E − E0 =
1

2
(P + P0)(V0 − V )

(8)

where ρ0 is the initial density, US is the shock wave speed, UP is the particle

velocity, P and E are the pressure and energy behind the shock front, and V is the

specific volume. The derivation of these equations is provided elsewhere [59].
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Propagation of shock waves

Figure 2.21 (a) shows a schematic of an ideal shock wave comprising a discontinuous

front, peak pressure for a certain duration indicated by a flat top and a release that

brings the pressure gradually to zero. However, the shock waves encountered in real

materials have many different characteristics that are a function of the material and

the pressure they are subjected to. Figure 2.21 (b) shows the schematic representing

a real shock wave along with events that represent the shock wave interactions within

the material. The arrival of a steep rise in pressure marks the elastic wave. The

Hugoniot Elastic Limit (HEL) marks the material reaching its elastic limit and tran-

sitioning to the plastic phase. The pressure rises to the peak state after the HEL and

the rate of this rise is a function of the constitutive properties of the material. Peak

pressure reached can have a flat top (indicating a plate impact test) or a triangular

peak (indicating detonating explosives or a pulsed laser). The arrival of the plastic

wave is marked by the plastic modulus. After the flat top, the shock wave is reflected

from the back of the sample and the material enters a state of tension by unloading

due to decompression. If there is no fracture in the material, the wave velocity profiles

would return to zero, however as seen in Figure 2.21 (b), a characteristic pull-back in

the wave profile is observed indicating spallation. The spall cusp is used to calculate

the dynamic tensile (spall) strength of the material. The wave profiles can be mea-

sured with the help of Photon Doppler Velocimetry (PDV) or Velocity Interferometer

System for Any Reflector (VISAR). The phenomenon of spalling and the resulting

fracture is discussed ahead.

Spalling

Plate impact tests can be designed to induce a state of dynamic tension in the sam-

ple leading to spall. A dynamic tensile failure generated by the interaction of two

rarefaction or release waves is termed as spalling. Figure 2.22 (a) shows a schematic
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of the propagation of the compressive and tensile waves that result in a spall surface.

The test setup consists of a target (or sample) plate that is impacted by a flyer plate.

Upon impact, compressive waves travel in both the flyer and the target. The wave

reflected from the back surface of the flyer, enters the target. In the meantime the

compressive wave is also reflected off the back of the target. The interaction of these

reflected release (unloading) waves results in a tensile stress in the sample. Spalling is

a function of both the amplitude and duration of the tensile pulse. If the magnitude
St

re
ss

 o
r 

D
is

pl
ac

em
en

t

T ime

Pulse Durat ion

ReleaseShock Front

Elast ic 
Modulus

Hugoniot  
Elast ic 
Limit

Spall 
St rength

Plast ic 
Modulus

Phase 
Transit ion

Hugoniot  State

High-Pressure 
Elast icity

Cyclic Loading 
Dissipat ion

Time

(a)

(b)

Figure 2.21: (a) Ideal shock wave profile and (b) a representative real shock wave
profile showing pressure and materials dependent characteristics such as HEL, spall
strength etc. [59].
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of the tensile stress generated is greater than spall strength of the material, spalling

will occur and the sample fractures. The damage and subsequent spallation in the

sample can be controlled by varying the impact velocities and resulting pressure. Fig-

ure 2.22 (b) shows the free velocity traces generated at different strain rates resulting

in different amounts of spall as a function of the sample thickness and strain rate

in a high specific strength steel [61]. Figure 2.22 (c) shows the free velocity traces

at different velocities and thus, different impact pressures resulting in incipient and

partial spall in a mild carbon steel [62].
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(a) (b)

(c)

Figure 2.22: (a) X-t plot showing the propagation and reflections of shock waves within a sample along with the stress profiles
at different times and distances [59], (b) Free velocity curves at different strain rates showing different amounts of damage
nucleated in a high specific strength steel [61], (c) Incipient and partial spall generated at different velocities in a mild steel [62].
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The spall strength of the material can be influenced by microstructural attributes,

such as, grain size, secondary phase particles and inclusions [59, 63]. The extent of

damage can be quantified by estimating the volume fraction of voids observed on the

damaged samples. Figure 2.23 shows the extent of spall fracture at a given stress

for different copper microstructures. The specimen with high impurity levels had a

greater number of void initiation sites and displayed a lower spall strength.

Figure 2.23: Plot showing the variation in the volume fraction of voids nucleated
in copper at a pressure of 3.8 GPa as a function of the grain size and processing
conditions [64, 59].

The presence of spall in a sample is characterized by the pull-back from the re-
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compression wave as a result of the rarefaction wave triggered during fracture. The

dynamic fracture mechanisms have been obtained from the velocity gradients of the

pull-back curves [65, 66, 67, 68]. The initial rise in the pull-back is associated with the

nucleation of voids and the change in the slope of the recompression wave indicates

a change in fracture mechanism to growth or coalescence. Figure 2.24 (a) shows the

time and velocity shifted superimposed recompression waves of OFHC copper with

different grain sizes, impacted at the same velocity. The samples with the smallest

and largest grain sizes (30µmand200µm) show a more nucleation driven fracture and

also show a corresponding higher area fraction of voids, as shown in figure 2.24 (b).

The change in the mechanisms have been observed to be a function of the inherent mi-

crostructure of the sample and the peak impact pressures the materials are subjected

to [66, 68].

(a) (b)

Figure 2.24: Plot showing the variation in the volume fraction of voids nucleated
in copper at a pressure of 3.8 GPa as a function of the grain size and processing
conditions [66]

To the best of the author’s knowledge, the spall and failure of DP steels have not

been investigated at strain rates of greater than 104/s. Additionally, the effect of
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processing conditions on the damage accumulation and spall behavior has also not

been investigated. The current work is expected to provide a better understanding

of the sensitivity of spall strength on the martensite content and morphology in DP

steels.

Processing conditions play a significant role in determining the properties of indi-

vidual phases and the overall bulk properties of DP steels. Thus, it is important to

understand the effects of these processes on the fracture mechanisms. The steels can

also be processed to leverage a double benefit of improving the corrosion protection

by adding a protective coating and at the same time improving the mechanical prop-

erties of the underlying steel. The microstructure of the coating layers is discussed in

the subsequent section.

2.4 Protective coatings on steel

Atmospheric corrosion can lead to the degradation of steels. In order to protect them

from rusting, automotive steels are largely protected by the application of coatings.

Metallic coatings on steels can be applied using the following methods: Hot dip

galvanizing or aluminizing, thermal spraying, electroplating and sheardizing. Hot dip

galvanizing, a process used to generate galvannealed steels, is a popular technique

and more relevant for the current work. Hot-dip galvanizing is a coating method

employed where the steel sheet is dipped in a molten zinc bath to make a thin layer

of zinc adhere on to the surface. The coating layer thickness on the steel can be

controlled using various processing methods [69]. A galvannealed layer is produced

when the galvanized steel sheet is annealed. Due to diffusion at elevated temperatures,

phases or layers of iron-zinc inter-metallic are formed and are largely classified as the

Gamma(Γ), delta (δ) and zeta(ζ) layers [69, 70].

The Gamma (Γ) phase has been largely depicted as Fe3Zn10. It forms the first

layer on the steel substrate and contains about 23-28 wt. % iron with a BCC structure.
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The delta(δ) phase depicted as FeZn10 has about 7-10 wt. % iron and a hexagonal

structure. The outermost phase, zeta (ζ) depicted by FeZn13 contains about 5-6

wt % iron and has a monoclinic structure. Figure 2.25(a) depicts these phases. An

important aspect of the galvannealed coating is that there may be inherent cracks in

the layer even without the application of load[70]. Understanding the generation and

propagation of new cracks and propagation of the existing cracks under loading plays

an important role.

According to the study conducted by Nunomura et al [70], the galvannealed layer

behaves differently under tension and compression. Figure 2.25 (b) illustrates the

cracks found under compression and figure 2.25 (c) shows cracks under tension. In

both cases, the cracks are generated in the δ layer which propagate toward the sub-

strate coating interface and subsequently along the interface resulting in de-bonding.

In tension the cracks are observed to propagate along a straight line whereas under

compression, the cracks propagate at an angle. The behavior of the coating is not

very different when the substrate is DP steel as shown in figure 2.25 (d). Song et

al [71] reported the cracking behavior of the galvannealed layer on a DP steel and

observed that the cracks propagate along the coating-substrate interface. Figure 2.25

(e) illustrates the crack propagation and de-bonding of the galvannealed layer on DP

steel.

2.5 Stereology for Microstructure Quantification

Stereology is the science of quantifying features of interest in a microstructure. Stre-

ological techniques involve sampling of a three-dimensional (3-D) microstructure by

lower dimensional geometric probes such as test planes, test lines, or test points. Es-

timating the 3-D features involves using unbiased, unambiguous, and assumption-free

streological equations to relate the measurements performed on 2-D planes to corre-

spond to 3-D attributes. The current work extensively applies stereology to quantify
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microstructure characteristics and fracture surface features and correlate these. The

main streological techniques are discussed next.

Volume Fraction estimation

The volume fraction of a phase or a microstructural constituent VV , is the fraction of

microstructural space occupied by that constituent in 3-D space. Some advantages

of stereological techniques for estimation of VV are as follows:

1. It is independent of shape, size or spatial orientation of the feature of interest

2.It is not necessary to know the magnification of the image being used in the analyses.

The volume fraction can be obtained by areal analysis or by a point counting method.

Figure 2.25: Images depicting the Galvannealed layer as formed and after the ap-
plication of load. (a) Different layers of the coating, 1- Γ, 2- δ and 3- ζ, (b) cracks
developed during compression, (c) cracks developed during tension [70], (d) galvan-
nealed layer on DP steel with similar layers as seen in (a), (e) De-bonding of the
galvannealed layer on DP steel under the application of a tensile load [71].
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Areal Analysis involves measuring the area fraction of the phase of interest

in a representative 2-D section. The population average value < AA > of the area

fraction AA is equal to the volume fraction of the constituent in 3-D[72, 73].

VV =< AA > (9)

Measurement of areal fraction requires image segmentation which can sometimes

prove to be challenging. Point Counting is a faster and easier approach for images

that are difficult to segment. In this method, test points are placed at random

locations in the image of the microstructure and the number of points in the phase of

interest are calculated : PP . Now the population average of these points : < PP > is

equal to the Volume fraction of the phase of interest [74, 73, 72]. The two methods

used to achieve PP are: a) Systematic uniform point counting, and b) independent

uniform point counting; it can be proved that systematic point counting is more

efficient than independent random point counting [75].

VV =< PP > (10)

Volume fraction can be used to correlate a variety of microstructural features

to mechanical properties[74]. Figure 2.15 illustrates some examples. Figure 2.26

(a) depicts the variation of Ultimate Tensile Strength as a function of the Volume

Fraction of martensite in a Dual Phase steel [1]. Figure 2.26 (b) depicts the damage

mechanism as a function of martensite volume fraction(VM) and ferrite grain size(SF )

in Dual Phase Steels [6]. For a smaller ferrite grain size, and a higher volume fraction

of martensite, the cracking of martensite is deemed as the damage mechanism. The

damage mechanism described in figure 2.26 (b) appear to be independent of the type

of deformation that the material is subjected to (tension, compression, torsion etc.).

The image depicts the mechanisms only as a function of the volume martensite and
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the ferrite grain size, and a more comprehensive picture can be obtained by taking

into account other microstructural features as well. This emphasizes the use of other

techniques described ahead to capture all aspects of the microstructure influencing a

material’s property.

Figure 2.26: Plots relating volume fraction of martensite to properties and damage
mechnaism of DP steels. (a) UTS as a function of VM discussed earlier by Bag et al
[1]. (b) Plot of VM as a function of the ferrite grain size showing the predominant
damage mechanism as martensite cracking for higher VM and moderate ferrite grain
size [7, 6]

Surface Area per unit volume

Microstructural features such as grain boundaries, matrix-precipitate interfaces, sur-

faces of internal voids/cavities, etc. can be represented by total area of the feature

of interest per unit volume SV . The stereological estimation of the total surface area

of the features of interest is made by using the line intersection counting method. In

this method, the test probe is a line. The number of intersections of the features of

interest with the test line is measured, let’s say (P). By dividing this number with

the total test line length (length of each test line multiplied by no. of test lines)PL

is obtained. This is related to the total surface area SV according to the following
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Figure 2.27: (a) Vertical Sections with cycloids used to calculate SV for anisotropic
microstructures, (b) Plot of SV of grains vs percent cold rolled reduction showing an
increase in the grain boundary area with rolling [74].

relationship[75]:

SV = 2 < PL > (11)

where < PL > denotes the population average value of the number of intersections

per unit test line length. The above equation is applicable to both isotropic and

anisotropic microstructures. For anisotropic microstructures, however, measurements

on planes of many orientations need to be performed and then averaged over these

orientations [74, 76]. This method of estimation is tedious and can be overcome by

performing measurements using a vertical section approach and cycloid shaped test

lines with minor axis parallel to the vertical axis as illustrated in Figure 2.27(a). SV

can be used to determine how fine or coarse the microstructure of the material is

[74]. For a given volume fraction, a phase with a higher SV would denote a finer

dispersion. Figure 2.27(b) illustrates the SV of grain boundaries versus the amount

of cold work on a cold rolled extra low carbon steel. The plot shows that cold

work results in an increase in the grain boundary area and the creation of new grain

boundary surfaces.[74]
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Length Density per unit volume

In microstructures, features such as grain edges, needle shaped precipitates, fibers etc.

can be treated as 1-D features in the 3-D space. Length density LV is an important

attribute of such lineal features.

The stereological estimation of lineal features can be made using sectioning planes

or 3-D volumes. The lineal features are seen as points in a 2-D sectioning plane. If

the number of intersections of these features with a random 2-D section is (Q), then

dividing Q by the area of the plane gives the number density of the lineal features:

QA. This is related to the length density LV as per the following relation [76, 75]:

LV = 2 < QA > (12)

where < QA > denotes the population average value of the number of intersections

per unit area. For the valid application of the result, unbiased sampling is required.

The unbiased sampling frame as illustrated in the figure 2.28 (a) consists of two

permissible and two forbidden edges [77]. Any feature lying even partially on the

forbidden edge is not counted, and, similarly, any feature lying even partially on

the permissible edge is counted as a whole. In order to estimate anisotropic lineal

features, the estimation across all orientations becomes necessary. Another method

to perform the same on anisotropic features is by using cycloid surfaces with vertical

sections as illustrated in figure 2.28 (b).

2.6 Quantitative Fractography

Fractography is the study and analysis of fracture surfaces to gather information

regarding the failure of the material. Fracture surface of any material holds key

information regarding its fracture mechanisms. It represents a biased view, since the

fracture path often follows the weak links. Quantitative fractography is a stereological
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Figure 2.28: (a)Use of unbiased frame for counting features in a 2-D sectioning
plane,(b) Use of cycloidal area to estimate the anisotropic lineal features [74].

tool used to quantify the features observed on the fracture surface and link them to

the microstructure of the material to arrive at statistically viable fracture mechanisms

[78, 79]. This section deals with the factors affecting the fracture surfaces and the

different ways to quantify them. The two major methods to quantify the fracture

surfaces are:

(a) Profilometry of fracture surfaces

(b) Quantitative fractography conducted on SEM images.

The geometry and topography of fracture surfaces are predominantly governed

by the underlying microstructure and the strain rates subjected on the samples. A

qualitative analysis of the fracture surface provides information on the global and

local modes of fracture. These could be ductile or brittle depending on the fracture

mechanism of the material. A ductile fracture surface is identified by the presence of

dimples and voids, whereas a brittle fracture is usually identified by cleavage on the

fracture surface. Though qualitative fractography can help determine the macroscopic

fracture mode, a more detailed understanding of the mechanism can be determined

by quantitative fractography.
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Profilometry Based Quantitative Fractography

A fracture profile is often seen as a tortuous line obtained by the intersection of a

fracture surface with a 2D sectioning plane. Profilometry plays an important role for

estimation of global fracture parameters. The surface topography yields important

information on the global fracture. It is important to measure it in terms of param-

eters that are physically meaningful and can be correlated to the dominant failure

mechanisms, microstructure and material properties. Gokhale et al.[80, 81] proposed

fracture surface analysis using an important global attributes of the fracture surface

namely the fracture roughness parameter (RS). It is defined as the ratio of the true

area of fracture surface, S and its apparent projected area, A:

RS =
S

A
(13)

RS can be estimated from the measurements performed on fracture profiles gen-

erated by intersections of fracture surface with planes. The fracture profile roughness

parameter RL is equal to the ratio of the true profile length λ0 and the apparent

profile length L.

RL =
λ0
L

(14)

RL can be estimated from the vertical section planes similar to those discussed for mi-

crostructures. The surface roughness parameter RS can be estimated from the exper-

imentally measured profile roughness parameter, RL by using the following equation

developed by Gokhale and Underwood[80].

RS =< Ψ.RL > (15)

where,

Ψ =

∫ π

0

[sinα + (
π

2
− α)cosα]f(α).da (16)

56



Ψ is called profile structure factor, and f(α) is the orientation function of the fracture

profile and is defined such that f(α)dα is the fraction of the profile length in the

orientation range α to (α+ dα), where 0 < α < π. Here α is the angle between a line

element in the vertical section fracture profile and the vertical axis.

The experimental values of RL reported for many materials lie between 1-2.3. An

example is presented in the works of Gokhale and Drury [81] where they calculated

the value of RL by performing measurements on vertical sections at mutually 1200 on

the fracture profile of an Al-Li alloy. The microstructure of the material consisted of

unidirectional alumina fibers in the Al-Li alloy and tested under tension perpendicular

to the fiber orientation introducing anisotropy in the microstructure. Figure 2.29

illustrates the value of RL, distribution of the orientation of the fracture profile fα

and the profile structure factor Ψ on the three different vertical sections. The values

vary with the orientation of the vertical sectioning plane as expected.

Jamwal et al.[82] used the fracture profilometry to quantify the fracture path of

Dual Phase steel under Quasi-static tension to understand the variability observed in

the ductility of the specimens. They observed that the fraction of the fracture path

passing through ferrite was the maximum and remained unchanged with the change in

ductility, while, the fraction of the path passing through the ferrite-martensite inter-

faces increased with a decrease in ductility. Figure 2.30 depicts an optical micrograph

of the Dual Phase steel with red tracers indicating the path lying on ferrite and the

blue tracer indicating the path lying on martensite. Thus, the profilometry helped

to understand the global fracture mechanism by establishing that ferrite facilitates

fracture while martensite resists it. Another efficient way of determining the fracture

mechanism is by performing image-based Quantitative fractography.
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Figure 2.29: Values of the fracture roughness profile parameter RL calculated on an
Al-Li alloy on three vertical planes at (a) 00, (b) 1200 and (c) 2400 [81]

Figure 2.30: Fracture profile of DP steel with about 60% martensite. the red tracers
show the fracture path lying in ferrite(bright regions) and the blue tracers show the
fracture path lying in martensite(dark regions)[82]

SEM image based fractography

SEM based fractography employs stereological techniques for qualitative and quanti-

tative examination of fracture surfaces. It is useful for quantitative characterization
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of specific features observed in the fracture surface[2]. These features can be quan-

tified using number density, average size, orientations etc, of the feature of interest

[80]. Estimation of the area fractions on the fracture surface corresponding to failure

mechanisms like dimple fracture, cleavage fracture or quasi-cleavage fracture can be

performed with accuracy and ease. Although, the dominant fracture mechanism can

be obtained by a qualitative analysis of the fractographs, a quantitative analysis in-

volving area fraction by point counting can lead to an estimation of the contribution

of different mechanisms. Ductile regions correspond to dimpled surfaces, and cleav-

age and quasi-cleavage surfaces correspond to brittle surface. The area fraction of the

region of interest can be obtained by the following equation[80, 74]:

PP (featureofinterest) = AA(dominantfracturemechanism) (17)

The quantity AA is termed as the area fraction of the SEM image of the feature

of interest. This area fraction is termed as the projected area fraction. The effect

of projection in the SEM images can be accounted for by computing the true area

fraction ’F’ using the following equation[80]:

F = [
RS

(RS)β
]AA (18)

where RS represents the fracture roughness parameter obtained using profilometry

and is used to correct the effects of the projection in SEM images.

The number per unit area of a feature of interest in an SEM image, NS can also

be obtained by using unbiased sampling. The method employed is similar to NA

discussed earlier. NS is calculated using the equation below[80]:

NS =
< N >

A
M2

(19)
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where < N > is the average of the number of features observed in an area A of

the unbiased frame at magnification M. This can also be corrected for projection to

obtain the true number density Nf using the following equation[80]:

Nf =
NS

RS

(20)

The average size of the dimples can also be estimated from the SEM fractographs.

The true area fraction divided by the true number density of dimples results in the

true average dimple size given by Ω. By incorporating the true values, the effects of

projection can be eliminated[80, 76]:

Ω =
F

N f
(21)

These features give important information on operative fracture mechanisms that

generate the fracture surface. The number density and dimple sizes can provide in-

formation on the growth and coalescence mechanism of voids. Jamwal et al. [82] used

the aforementioned techniques to understand the fracture mechanisms and variation

in ductility in a Dual Phase steel containing about 60% martensite. Figure 2.20 illus-

trates some of the results from the work. The area fraction of the ductile regions has

a direct correlation with an increase in ductility, whereas number density of pullouts

shows an inverse correlation with the ductility. These data led to the conclusion that

the pullouts were responsible for the fracture. The average size of the dimples was

not affected by the ductility concluding that the variation in ductility resulted from

processes occurring after the onset of necking. Figure 2.31 (c) illustrates a nominal

fracture surface of the Dual Phase steel used in the study and the features measured

using quantitative fractography.

The aforementioned techniques will be employed in the proposed research to de-

termine the fracture mechanisms of DP steels at different strain rates.
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2.7 Summary

A review of the literature as discussed in this chapter reveals the following key

aspects that are missing in the literature and are crucial to capture and understand

the fracture mechanisms of DP steels :

• Although the microstructural features have been quantified, little to no studies

exist that identify, classify and quantify all the fracture surface features as a

function of the martensite volume fraction and morphology

• A systematic study on the effects of strain rate on the fracture features of DP steels

with different martensite volume fraction and morphology does not exist

• No quantitative characterization and mechanical testing of DP steels with gal-

vannealed coating layers or a graded microstructure (eg: with decarburised

layer)and their behavior under dynamic strain rates has been performed.

• Although, the effect of geometry on ductility is widely researched, no standard

geometry exists for the testing of sheet materials under dynamic rates. Addi-

tionally, no studies exist on DP steels which capture the effect of strain rate on

the mechanical properties independent of geometry.

• No studies have been conducted in the high strain rate regime associated with

plate-on-plate impact experiments to observed the fracture and understand the

operating fracture mechanisms in the DP steels under dynamic tensile (spall)

loading conditions.

The current work aims to bridge the gap by conducting quantitative fractography

on DP steels with and without a gradient, to establish microstructure-based operative

fracture mechanisms under a wide range of strain rates including quasi-static and

dynamic strain rates. The tests performed under quasi-static and intermediate strain
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rates will be conducted using the same geometry to maintain uniformity and make a

valid comparison between mechanical properties.
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CHAPTER 3

EXPERIMENTAL WORK

This chapter provides a detailed description of the materials employed in the current

study, the methods employed to characterize and quantify the microstructure, the

procedures used to execute quasi-static and intermediate strain rate tensile tests, the

design of uniaxial-strain plate impact tests and the methods employed for the holistic

characterization and quantification of fracture surfaces.

3.1 Overview

The research performed in this work addresses the following objectives:

(a) capture and quantify the effects of microstructure and strain rate dependence of

mechanical properties and fracture mechanisms in the different grades of DP steel.

(b) understand if the failure mechanisms of the coating layers change as a function of

strain rate, and if these mechanisms influence the failure mechanisms of the underlying

steel substrate.

(c) understand and compare the behavior of a graded microstructure (DP steel with

decarburized layer) as a function of strain rate to that of a nominal DP steel.

(d) investigate the effect of specimen geometry on the deformation behavior and

ductility of the DP steel specimens.

(e) subject the materials to high strain rates generated via plate impact tests and

compare the properties and fracture mechanisms under uniaxial-strain loading with

uniaxial stress loading achieved with quasi-static and intermediate strain rate regimes

Central to the above objectives is the notion that since the ductility is known

to be dependent on the specimen geometry, the tensile testing sample geometry is

kept constant across strain rates for 10−6to103/s to make a valid comparison of the
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deformation and fracture response of the material.

For this purpose, experimental work has been performed on four commercial Dual

Phase steels to understand the role played by (a) the volume fraction of martensite,

(b) the processing conditions employed during manufacturing of the DP steels, (c) the

addition of protective coatings, and (d) presence of a gradient in the microstructure.

All of the steels used in the work were provided by ArcelorMittal Global R&D in East

Chicago. The following sections contain details about the materials used, metallo-

graphic preparation of specimens for microscopy, quantitative characterization of the

observed microstructures, quasi static and dynamic tensile tests, and plate on plate

impact tests, and quantitative fractography and profilometry.

3.2 Material system and chemistry

The following commercial DP steels are used in the experiments performed in this

work:

• DP 590: with about 25% martensite and no protective coating. This steel serves

as the baseline for establishing mechanical properties and operative fracture

mechanisms at varying strain rates. Two thicknesses of 1.2mm and 2mm of

sheet steel are used in the current work.

• DP 980 : with about 65% martensite and no coating or gradient. This has been used

as a comparison to understand the differences in properties with the addition of

protective coating layers and decarburized surface layers. This sheet steel will

henceforward be referred to as DP 980 NC and has a thickness of 2mm.

• DP 980 GA : With volume fraction of phases similar to DP 980 NC. This steel is

used to understand the differences obtained in microstructure and mechanical

properties due to the addition of a galvannealed coating layer. This sheet steel
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Table 3.1: Nominal composition of as-received Dual Phase steels.

C(%) Mn(%) Si(%) Mo(%) Cr(%) Al(%)
DP 590 0.08 0.99 0.27 0.007 0.03 0.04

DP 980 NC 0.09 2.02 0.62 0.06 0.05 0.03
DP 980 GAN 0.08 2.29 0.29 0.29 0.27 0.064
DP 980 GAD 0.09 2.1 0.28 0.27 0.19 0.052

will henceforward be referred to as DP 980 GAN and it also has a thickness of

2mm.

• DP 980 GA decarburized : Steel with a graded microstructure and protective

coating. The surface layers of the steel are intentionally decarburized to enhance

bendability. The bulk material is similar to the DP 980 GA steel. The effects

of both the gradient and the protective coating are studied. This sheet also has

a thickness of 2mm and is hereby referred to as DP 980 GAD.

The nominal compositions of the four steels described above are presented in Table

3.1.

3.2.1 Ultrasonic Testing

The longitudinal and shear sound speeds are important characteristics of the ma-

terial that are used in determining the Hugoniot Elastic Limit (HEL) and the spall

strength of the material. Sound speed measurements were made on all steels using the

Olympus 5072PR pulse/receiver in the pulse-echo configuration. The Ultran VSP-

200 transducer was used to measure the longitudinal sound speed and the SRD50-0

transducer was used to measure the shear wave velocity. Data was recorded using

the Tektronix DPO 5104 1 GHz oscilloscope. Table 3.2 shows the measured values of

the longitudinal (CL), shear (CS), and bulk (CB) sound speeds of the different steels.

For the coated steels, the properties would be that of the composite structure. The

bulk sound speed, computed using the longitudinal and shear sound speeds, is based
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on the following equation (19).

CB =

√
C2
L +

4

3
C2
S (22)

The elastic constants such as the Young’s modulus (E) (eqn 20), the shear modulus

(G) (eqn 21), the bulk modulus (K) (eqn 22), and the Poisson’s ratio (ν) (eqn 23)

were also computed using the longitudinal and shear sound speeds.

E = ρC2
L

(1 + ν)(1− 2ν)

(1− ν)
(23)

G = ρC2
S (24)

K = ρC2
B (25)

ν =
1− 2(CS

CL
)2

2− 2(CS

CL
)2

(26)

3.2.2 Density Measurements

The density ρ0 of the steels was measured by using the Archimedes method. The

specimens were weighed in air and then weighed when completely submerged in water

at a known temperature. The density was calculated using equation (24). The density

of the steels is also presented in table 3.2.

ρ0 = ρwater
mdry

mdry −mwet

(27)

Each measurement was repeated at-least three times for each specimen. When mea-

suring the density of the specimens to be used for the plate-impact tests, the specimens

were measured before and after lapping of the samples.
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Table 3.2: Sound speed and bulk properties of DP steels

Material
Density Sound Speed Measurements Elastic Constants

ρ0(g/cm
3) CL(mm/s CS(mm/s) CB(mm/s) E(GPa) G(GPa) K(GPa) ν

DP 590 7.82± 0.03 6.31± 0.11 3.34± 0.05 4.98± 0.15 228± 6 87.5± 2.7 195± 11 0.30± 0.01

DP 980 NC 7.80± 0.02 5.99± 0.06 3.23± 0.04 4.68± 0.07 211± 14 81.8± 2.3 171± 4.4 0.29± 0.006

DP 980 GAN 7.84± 0.04 5.88± 0.05 3.19± 0.04 4.57± 0.05 205± 5.4 79.8± 2.4 164± 3.8 0.29± 0.006

DP 980 GAD 7.85± 0.003 5.84± 0.03 4.54± 0.06 4.54± 0.04 204± 3.5 79.2± 1.6 161± 2.8 0.29± 0.005
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3.3 Microstructural characterization

To characterize the as received steels, metallography along with a detailed quanti-

tative analysis of the microstructures was performed. The methods employed are

discussed ahead.

3.3.1 Metallography

Metallography was performed on sections obtained from all three orthogonal planes

of the rolled sheet steels. DP 590 and DP 980 NC, which did not have any coating,

were mounted in conducting epoxy. For DP 980 GAN and GAD, however, an acrylic

mount with a greater edge retention was used so as to observe the surface coatings

with minimum damage. The sectioned and mounted specimens were subjected to wet

grinding first, starting from a coarse 320 grit silicon carbide paper followed by 400,

600, 800,1000, and finally finished with 1200 grit paper. Grinding was followed by

polishing the sample with 3µm and 1µm aqueous-based diamond solutions. The final

polishing step was performed by using a 0.05µm colloidal silica solution to remove

all scratches. Thorough cleaning of the sample in an ultrasonic bath was followed by

etching to reveal the microstructures. A two-step etching procedure was followed to

reveal all the present phases with clarity. A 2% Nital (Nitric Acid+Ethanol) solu-

tion to etch for grain boundaries followed by a 10% aqueous sodium metabisulphide

solution to etch the harder phase was used in the current study for all steels.

As reviewed in the background chapter, the processing conditions for man-

ufacturing DP 980 GAN and GAD led to differences in the resulting mi-

crostructure such that instead of a low temperature tempered martensite, as

in the case of DP 980 NC, a mixture of auto-tempered martensite, bainite

and retained austenite may be contained in the harder phase of both GAN

and GAD. However, for the ease of discussion, this phase will be referred to

as ’martensite’ for all the four DP steels henceforth.
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Optical microscopy images were taken using the Carl Ziess Microscope and the

images were analyzed using Axio vision version 8. In the optical micrographs, the

ferrite phase appeared as the lighter phase while the harder martensite phase was

etched dark. Figure 3.1 shows the optical microstructures of (a) DP 590, (b) DP 980

NC, (c) DP 980 GAN and, (d) DP 980 GAD.

Figure 3.1: Representative etched optical micrographs showing the longitudinal sec-
tions of (a) DP 590, (b) DP 980 NC, (c) DP 980 GAN and (d) DP 980 GAD. Ferrite
is the lighter phase while martensite is etched dark.

Scanning Electron Microscopy (SEM) images were captured using LEO 1530 and

Hitachi SU-8030 SEMs. Figure 3.2 shows representative SEM images of (a) DP

590, (b) DP 980 NC, (c) DP 980 GAN and (d) DP 980 GAD steels. The harder

martensite phase can be recognized as the one with the topological relief. Significant

difference between the microstructures of the DP 590 grade and 980 grade can be

observed, particularly in the volume fraction of martensite. Energy Dispersive X-
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Ray Spectroscopy (EDX) was also used to characterize and observe the chemical

composition of the galvannealed coating layer and the decarburized layer of the GAN

and GAD steels.

Figure 3.2: Representative SEM images showing the longitudinal sections of (a) DP
590, (b) DP 980 NC, (c) DP 980 GAN, and (d) DP 980 GAD. The harder phase can
be identified as the phase with the relief.

3.3.2 Quantitative Microscopy

Estimating Volume Fraction

The volume fraction of the phases present was estimated by using systematic point

counting technique. A grid containing 150 points was placed on each SEM micro-

graph, PT = 150. The points that fell on the harder martensite phase were manually

counted, (PH). Points that landed on the two-phase interface were counted as 0.5.
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Thus, if we consider the total number of images sampled as N, the volume fraction of

martensite, (V M
V ), derived from the point fraction is estimated using equation (25):

V M
V =< PH

P >= [
< PM >

PT
] = [

PM

PT
]± [

1.96

Pt
]

√
s2

N
(28)

where s2 is the sample variance and is given by equation (26):

s2 =
N∑
i=1

[(PH)− (PH)i]
2

(N − 1)
(29)

Figure 3.3 shows an example of the point counting technique used. A representa-

tive image with points superimposed depicts how the counting was performed.

Figure 3.3: Schematic and representative microstructure (DP 980 NC) illustrating
the point counting method employed to estimate the volume fraction. Points lying in
the harder phase were manually counted. If the point lay on the interface of the two
phases, it was counted as 0.5

Since all the sheet steels were rolled and have anisotropic microstructures, the sur-

face area per unit volume of the interfaces (SV ) was estimated using vertical sections

and cycloids. The vertical direction was the normal direction and, thus, the longitu-

dinal and transverse sections were the vertical sections for the measurements. A set

of cycloids was superimposed on the images in a grid and the number of points lying

on the interfaces was counted manually [Pi].The length of the cycloids was calculated

and is denoted as Li. The Surface area per unit volume was estimated using equation
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(30):

SV = 2[PL]C

where,

[PL]C =

∑
Pi∑
Li

(30)

A representative image identifying the vertical axis and vertical sections along

with superimposed cycloids is shown in figure 3.4.

Figure 3.4: Schematic and representative SEM image (DP 980 NC) illustrating the
method employed to determine the SV of the interfaces for the anisotropic sheet steels
using cycloids. The number of intersections made by the interfaces with the cycloids
was counted manually.

The mean free path through the matrix phase (λ) was thus calculated using equa-

tion (28). The matrix for the DP 590 steel was ferrite and for all the DP 980 grade

steels was the harder phase. :

λ =
4(1− Vv)

SV
(31)
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3.4 Mechanical Testing

The mechanical properties have been characterized under three strain rate regimes

- Quasi static, Intermediate and high strain rate. The specimen geometries used,

machining of the samples, and the design of the tests at each strain rate regime are

discussed ahead.

3.4.1 Sample geometries and machining

The specimen geometry for the tensile tests for a given steel was kept constant across

the quasi-static and intermediate strain rate regimes. This was done to ensure a

true comparison of final elongation across all strain rates, since the post-uniform

elongation and resulting final elongation are sensitive to the specimen geometry. The

geometries that can be used for tensile tests at all strain rates are limited by those

that can be successfully implemented at intermediate strain rates achieved using the

Hopkinson bar. The current study utilized two Hopkinson bar systems, one for DP

590 and the other to test all the DP 980 grades. The details on the methods of testing

are discussed later in this section.

To capture and understand the effect of geometry on the deformation behavior,

DP 590 steel was tested using specimens of two different geometries: a Japanese

Industrial Standard (JIS) geometry to establish a base line for mechanical properties

and is shown in figure 3.5 (a), and a miniature tensile geometry that was compatible

with the Hopkinson bar and could be used for both the quasi-static and intermediate

strain rates.

The miniature tensile geometry that was employed in the current work was first

tested by Sun et al [83] for TRIP steels under quasi-static and intermediate strain

rates. They observed that the sample geometry showed a uniform strain distribution

within the gage section and the grips underwent complete elastic deformation. The
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geometry adopted from the study was modified slightly to reduce the energy required

to fracture the sample under intermediate strain rates using the Hopkinson bar as

shown in figure 3.5(b). The grip section of the geometry was doubled to ensure a

better grip when testing the specimen under quasi-static strain rates. The modified

geometry with the extended grip sections is shown in figure 3.5 (c). All dimensions

are in mm.

Figure 3.5: Specimen geometries that were used to test DP 590 steel. (a) Japanese
Industrial standard, used to establish the baseline for quasi-static strain rates, (b)
modified miniature tensile geometry for Hopkinson bar tests, (c) modified miniature
tensile geometry with extended grip sections for quasi-static strain rate tests.

The intermediate strain rate tests for the DP 980 grade steels were conducted

using the Hopkinson bar at REL Inc. The geometry used for all the tests for these

steels was one that was compatible with the Hopkinson bar at REL Inc. and is shown

in figure 3.6(a). Some intermediate strain rates that were too slow for the Hopkinson

bar were conducted using the servo-hydraulic tensile tester at ArcelorMittal. To

ensure better gripping, the grip regions of the geometry were extended. The modified
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geometry is shown in figure 3.6 (b). No changes were made to the gage section of the

geometry.

Figure 3.6: (a) specimen geometry used for all the quasi-static and Hopkinson bar
tests of DP 980 grade steels, (b) geometry used for intermediate strain rate testing
at ArcelorMittal. Extended grip sections were added to improve gripping of sample.

The JIS specimens used to test the DP 590 steels were provided by ArcelorMittal.

The miniature tensile specimens and the REL geometry specimens were machined at

Georgia Tech using the water jet equipment that enables machining without heating

of specimens. All specimens were machined such that the loading direction during

the test was along the transverse direction of the sheet steel. All specimens were also

de-burred prior to testing to eliminate sharp edges created during machining.

3.4.2 Servo-hydraulic Testing

All quasi-static and a few intermediate strain rate tests were conducted using servo-

hydraulic systems. The quasi-static strain rate tests from 10−6/s to 1/s were per-

formed on the MTS servo-hydraulic equipment in the Material Properties Research

Laboratory (MPRL) at Georgia Tech. Strain rates of 102/s were tested using the

servo-hydraulic systems at ArcelorMittal Global R&D facility.
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The raw data from the tensile tests consisted of load-displacement curves. The

engineering stress was calculated by dividing the load obtained from a calibrated load

cell by the measured undeformed area of the specimen. Both the elastic and plastic

strains were captured. An accurate measure of the elastic strain was obtained by

using precisely calibrated strain gauges for the REL and miniature geometries and

an extensometer for the JIS geometry. The plastic strain was determined from the

calibrated displacement cylinder of the servo-hydraulic machines.

Additionally, to capture the deformation of the miniature sample geometry, Digital

Image Correlation (DIC) was used. To accomplish DIC, a high speed camera (NAC

GX) was setup to capture the deformation. The images obtained served two main

purposes: (i) to accurately measure the total strain and (ii) to map the real time

deformation and necking of the specimen. Figure 3.7 (a) shows a schematic of the

servo-hydraulic setup with a high speed camera for DIC, and (b) shows representative

images taken of the miniature geometry to observe the deformation and capture the

total strain in the sample using DIC.

3.4.3 Hopkinson Bar Testing

The uniaxial tensile tsts at intermediate strain rates of the order of 102/s to 103/s were

conducted using the Hopkinson bar at the University of Alabama (UA) Tuscaloosa

and REL Inc. on DP 590 steel specimens and DP 980 steel specimens respectively.

Figure 3.8(a) shows a picture of the pressure system and striker bar connections of

the UA Hopkinson Bar, and 3.8 (b) shows the working principle of a tensile split

Hopkinson bar.

As mentioned in the previous chapter, the incorporation of sheet materials in

Hopkinson bar tested is a fairly recent development and is still being modified.One

challenge is to grip the sheet specimens and connect them to the cylindrical bars.

While the DP 980 grade steel specimens were tested using the REL grips, the grips
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Figure 3.7: (a) Schematic of the servo-hydraulic setup used for the quasi-static strain
rates. High speed digital camera was used to conduct DIC, (b) Representative DIC
images of the miniature tensile geometry of DP 590 showing the undeformed, com-
pletely deformed and before fracture and the fractured samples.The frame just before
fracture was used to confirm the final strain in the sample

used for the DP 590 steel specimens at UA were developed in-house by the UA group.

The DP 590 sheet specimens were mounted using grips having a flat end on one side

to hold the specimen, and a threaded cylindrical end on the other to make contact

with the bars. Figure 3.8 (c) shows an image of the miniature geometry used for the

tests at UA in the grips designed for these specimens. The material of the grips was
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impedance-matched to the specimen to avoid noise in the data and was made of a

high strength titanium alloy to facilitate all plastic deformation in the gage section

of the mounted specimen.

Strain gauges mounted on the incident and transmitted bars of the Hopkinson bar

setup were used to monitor the stress pulses going through. The voltage output from

the strain gauges was converted into the stress-strain response of the material using

the equations described in the previous chapter.

The strain in the specimen is further monitored by a high-speed camera. This

setup, (which resembles the quasi-static setup) was also used to capture real time de-

formation and necking. Figure 3.8(d) and (e) show representative images taken using

the high speed cameras for the miniature specimens and REL specimens respectively.
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Figure 3.8: (a) Tensile split Hopkinson bar setup at UA showing the striker tube and the input bar along with the pressure
chamber used for firing, (b) Principle used by the tensile Hopkinson bar, (c) DP 590 sample mounted in the titanium grips
developed by the UA group in house, (c) representative DIC image of DP 590 showing the frame used to compute the total
strain, (d) representative DIC and strain map image showing the frame used to calculate the total strain in the DP 980 NC
sample.
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3.4.4 Uniaxial strain plate impact experiments

Dynamic strain rates of the order of 104/s to 106/s can be achieved via uniaxial

strain plate impact experiments. In the present work, these experiments have been

conducted using the 80 mm diameter, 7.6 m long single stage gas gun at Georgia

Tech. Figure 3.9 (a) shows a schematic of the experimental design. Each experiment

had three samples mounted in a stainless steel target holder with a slip fit. One

sample was probed using VISAR to obtain the free surface velocity and the other two

samples were recovered for post-mortem fractography. The target holder was mounted

on a PMMA ring which upon impact can undergo brittle fracture and shatter. A

polycarbonate backer plate was mounted behind the PMMA ring to allow the samples

to pass through for soft recovery while restricting the target holder and projectile,

thus, minimizing secondary collisions with the sample and causing further damage.

An aluminum sabot was used as the projectile. DP 590 sheet steel with a thickness

of 1.2 mm was used as the flyer plate. The DP 590 flyer was lapped to ensure

a flat surface and the final thickness was controlled at 1mm. The flyer plate was

maintained at half the thickness of the samples and the surrounding holder to allow

the release waves from the rear surfaces of the target and flyer plates to interact

along the mid-plane of the target plate. This interaction of release waves generates

tension and consequent spallation. The decompression strain rate was used as an

equivalent parameter for strain rate. Flyer plate material, velocity of the projectile

and target thickness control the decompression strain rate of the specimen. Figures

3.9 (b) and (c) show representative pictures of the setup depicting the probing side

and the impact side, respectively.

In the present work, the mechanical response of DP steels of interest has been

characterized as a function of strain rate in a range spanning twelve orders of magni-

tude. In order to gain an understanding on the operative fracture mechanisms under

this wide strain rate range, fractography based measurements were performed which
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is discussed next.
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Figure 3.9: (a) Schematic showing the design and setup used for the plate impact experiments. All samples were 1 inch in
diameter, (b) picture showing the target setup with VISAR probe mounted behind one sample and the two recovery samples,
(c) picture showing the face that was impacted by the projectile.
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3.5 Fractography

The fracture surface of a material is the most biased sample of the 3-D microstructure

as it preferentially captures the features that are actively involved in determining the

fracture response of the material. In other words, the fracture surface is a biased

sectional view containing information on most of the weak links of the microstruc-

tural attributes. SEM based as well as profilometry based quantitative fractographic

measurements were performed.

3.5.1 Profilometry

The fracture profile along with the deformed microstructure capture three main at-

tributes: (i) voids formed during tensile testing, (ii) plastic deformation of different

phases and relative strain % partitioned in each phase, and, (iii) fracture path through

different microstrcutural constituents. Figure 3.10(a) shows a representative fracture

profile in the unetched condition showing the fractured edge at increasing magni-

fications, necked region, and the undeformed grip sections of a DP 590 miniature

specimen.

The fracture profile specimens were prepared by carefully sectioning the fractured

half that is to be observed and mounting the sectioned sample in an acrylic mount

to ensure good retention with the fractured edge. In the current study, Struers Duro

Cit-3 acrylic mount was used. For all profilometry studies, the section containing

the transverse and thickness planes was mounted. The width and thickness of the

necked regions were measured carefully before sectioning and mounting the samples.

The mounted sample was ground to remove enough material such that the fracture

profile being observed would lie in the central one-third of the entire width of the

necked region. Optical images of the polished and unetched fractured edges and the

deformed regions of the specimen were taken to observe the voids formed during the
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tensile test. The prepared samples were then etched using 2% Nital and 10% sodium

metabisulphide solutions, similar to the bulk microstructure. Figure 3.10 (b) shows

representative etched optical micrographs with the fractured edge for the same DP

590 miniature sample as 3.10 (a). Micrographs of the etched sample were captured

systematically as a function of the distance from the fractured edge to observe the

deformation occurring in the necked region versus the uniformly deformed region and

qualitatively differentiate the deformation in the different DP steels.
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Figure 3.10: (a) Unetched fracture profile showing the gage and grip sections along with a high magnification image of the
fracture profile, (b) Etched fracture profile showing the deformed microstructures and the delamination voids.
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SEM images of the fractured edge and deformed regions were also captured to

further attempt to quantify the strain and deformation partitioned in each phase

of the Dual phase steels. This method was only used in the DP 590 steels, since

the phase boundaries in all the deformed microstructure DP 980 steels could not be

determined accurately.

To measure the deformation of the phases in DP 590 as a function of strain

rate, the aspect ratio of the phases was estimated close to and away from (but still

in the gage region) the fractured edge. A set of vertical and horizontal lines were

superimposed on the images and the number of intersections of the lines made with

each individual phase was recorded. Assuming the phase makes N intersections with

the horizontal lines, and M intersections with the vertical lines, if the total lengths

of the horizontal and vertical lines are H and V , respectively, then the PL along the

horizontal and vertical directions can be given as PH = N
H

and PV = M
V

, respectively.

Thus, the aspect ratio is given by: PH/PV . If the aspect ratio is grater than one, a

significant deformation along the loading direction has occurred. Figure 3.11 shows

a representative deformed SEM image of DP 590 and a schematic illustrating the

method employed to determine the aspect ratios.

Figure 3.11: Schematic showing the technique used to estimate the aspect ratio of
the deformed phases in the microstructure of DP 590. The ratio < PL > along the
horizontal and vertical directions gives the aspect ratio.
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3.5.2 Image based fractography

Image based SEM fractography can be used to understand the role of various mi-

crostructural features in the operative fracture mechanisms as a function of strain

rate. Only the central one-third of the fractured surface area was captured for subse-

quent quantification to ensure that there is no influence of fast fracture that occurs

near the edge of the samples. Atleast ten images were captured from each fractured

sample. Figure 3.12 shows a schematic and a representative low magnification frac-

ture surface image showing the method employed in capturing the images used for

quantitative fractography.

Figure 3.12: Schematic and representative low magnification fracture surface showing
the central one-third area used to compute the area fraction and the systematic
uniform sampling of the area to capture unbiased fields of view for the quantitative
estimations.

The fracture surfaces of DP steels across the strain rates in the quasi-static and

intermediate strain rates (10−6/sto103/s) consisted of largely three distinct features:

(i) dimples, (ii) flat featureless regions or facets and (iii) secondary cracks surrounded

by facets. Figure 3.13 shows a representative image identifying the different features.

At high strain rates obtained from the plate-on-plate impact tests resulting in

spall, the features observed in the fracture surface were slightly different from those

discussed above. Although, the ductile regions consisted of dimples, the brittle regions
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Figure 3.13: Representative fracture surface showing the different features observed
across all the DP steels. Dimpled regions are classified as ductile while the facets,
secondary cracks and pullouts are classified as brittle.

were comprised of quasi-cleavage fracture and long flat featureless bands in all the

DP spall fracture surfaces. Figure 3.14 shows the representative spall fracture surface

identifying the different features.

Although the features observed in all the DP steels and at the different strain

rates were similar, the amount and distribution of each feature was a function of

microstructure and strain rate. This was estimated by determining the area fraction

of each feature by using systematic point counting technique, similar to the estimation

of volume fraction of phases in the bulk microstructure. Figure 3.15 (a) shows a

representative fracture surface superimposed with a grid showing the estimation of

the area fraction of the different features. The dimple size was estimated by placing

an unbiased counting frame in a completely dimpled region. The number density of

dimples (NA) was estimated by manual counting and the dimple diameter (d) was

given by d =
√

4
πNA

. Figure 3.15 (b) shows the unbiased frame superimposed on

the fracture surface image to estimate the dimple size. Since the length scale of the

secondary cracks was substantially large, it’s length could not be estimated by using
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Figure 3.14: Representative fracture surface showing the different features observed
across all the DP steels. Dimpled regions are classified as ductile while the facets,
secondary cracks and pullouts are classified as brittle.

the field of view that was used to estimate the area fractions and the dimple sizes.

Low magnification, high resolution images of the central third of the fracture surface

were captured. The number density of the secondary cracks was then estimated by

superimposing an unbiased frame on the center of the image. The length of each

individual secondary crack that lay completely inside the unbiased frame or crossed

the green lines was measured. The cracks touching the red lines were disregarded for

both number density and length measurements. Figure 3.15 (c) shows a representative

low magnification image superimposed with an unbiased frame and the secondary

cracks that were identified and counted. All stereological estimations were performed

with the aid of Image J, an interactive image software.
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Figure 3.15: (a) Representative fracture surface with superimposed grid used for the
estimation of area fraction of different features observed. Examples of the points in the
grid used to estimate each feature are also shown, (b) Representative fracture surface
with an unbiased counting frame on a completely dimpled region to estimate the
dimple size, (c) Low-magnification, high resolution image with an unbiased counting
frame on the central one third of the fracture to estimate the number density and
length of the secondary cracks.
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CHAPTER 4

RESULTS

This chapter will present the results of the quantitative characterization of microstruc-

tures of as-received materials, the quasi-static to intermediate strain rate tensile tests

and the high strain rate uniaxial strain plate impact tests, along with the qualitative

and quantitative fractography of all the Dual Phase steels tested. The discussion of

the results as a function of different attributes of the microstructure, geometry of the

specimen and strain rate of the test, will be presented in the next chapter.

4.1 Quantitative Characterization of Microstructures

4.1.1 Qualitative observations from microstructures of as-received steels

Figure 4.1 shows representative micrographs of (a) DP 590 and (b) DP 980 NC,

and figure 4.2 shows the representative micrographs of (a) DP 980 GAN and (b)

DP 980 GAD steels in the short-transverse (containing the rolling and transverse

directions), the longitudinal section (containing the rolling and normal directions)

and the transverse planes (containing the transverse and normal directions). The

lower volume fraction of martensite is evident from the micrographs in DP 590, when

compared to the DP 980 grades. Large ferrite grains form the matrix of DP 590 while

the matrix of DP 980 NC and GAN is formed by a largely continuous and connected

martensitic phase. DP 980 GAD has a dispersed martensite phase and co-continuous

microstructure. The anisotropy and connectivity of martensite is more evident in the

longitudinal and transverse sections of the steels. While DP 980 GAN qualitatively

shows a higher degree of martensite banding compared to DP 980 NC; the DP 980

GAD steel shows a co-continuous microstructure with a highly dispersed martensite
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with some connectivity and banding towards the center of the steel. The longer

bands of the martensite phase are highlighted by the while ovals in the micrographs.

As mentioned in the literature review chapter, DP 980 GAD has a microstructure

gradient which will be discussed in detail later in this section. Another qualitative

observation from Figrure 4.1 is how the microstructure becomes finer from DP 980

NC to GAN to GAD. Details on the quantitative estimations are provided next.
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Figure 4.1: The orthogonal views containing the short-transverse, transverse and longitudinal sections of (a) DP 590 and, (b)
DP 980 NC. The white circles show the connectivity of the harder martensite phase.
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Figure 4.2: The orthogonal views containing the short-transverse, transverse and longitudinal sections of (a) DP 980 GAN and,
(b) DP 980 GAD steels. The white circles show the connectivity of the harder martensite phase.
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4.1.2 Quantitative estimations of the microstructure

Table 4.1 shows the stereological estimations made on the DP steels. Since DP 980

GAD has a microstructure gradient, only the estimations performed in the central

one third section comprising the bulk microstructure are presented in the table. The

volume fraction of martensite (averaged over all three orthogonal planes) is ∼ 30%

for DP 590 and ∼ 70% for the DP 980 steels grades. Hence, strictly in volume

fraction terms, ferrite and martensite fractions are reversed in the DP 590 and DP

980 grades. The number per unit area of the dispersed phase islands (martensite

in DP 590 and ferrite in DP 980 NC and GAN) are similar in DP 590 and DP

980 thereby implying a reversal in the matrix phase. The number density of the

ferrite islands is higher in DP 980 GAN compared to the NC counterpart indicating

a finer microstructure. Since GAD has a co-continuous microstructure, the number

density of islands could not be estimated. Since all the steels possess anisotropy,

the surface area per unit volume of the ferrite and martensite interfaces is estimated

on the planes containing the thickness direction (i.e the longitudinal and transverse

sections). These estimations clearly illustrate that the microstructure gets finer from

DP 980 NC to GAN, and is the finest in GAD steels. The mean free path describes

the free path in the dominant phase of the respective DP steels. The mean free path

also indicates that the microstructures of GAN and GAD steels are finer. Apart form

the refinement, the connectivity of martensite and gradient of microstructures have

also been estimated and are discussed next.

4.1.3 Connectivity of martensite

From Figure 4.1 (b) and (c), a qualitative observation that the connectivity of marten-

site and subsequent banding is higher in DP 980 GAN compared to NC can be made.

Figure 4.3 shows low magnification optical montages depicting the phenomenon in

greater clarity. In order to quantitatively estimate the banding differences in the two
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Table 4.1: Quantitative Characterization of DP steels

DP 590 DP 980 NC DP 980 GAN DP 980 GAD

Volume Fraction of martensite 29± 5 68± 1.8 73.7± 1.7 65.7± 4.2

Number per unit area of Islands (/mm2),

(Martensite in DP590 and Ferrite in

DP 980)

9600± 437 8070± 1120 12406± 2018
Co-continuous

microstructure

Surface area per unit volume(/mm) 292± 23 710± 55 1008± 91 966± 31

Mean Free Path (4VV /SV ) 3.9 3.8 2.8 2.7

steels, the surface area per unit volume of the banded regions using cycloids and ver-

tical lines were obtained. They were estimated by performing measurements on the

longitudinal section which is expected to have the maximum anisotropy. While the

surface area, estimated using cycloids, is similar to the interfacial area between the

phases, the surface area estimated using the vertical lines provides information on the

surface area of the banded regions when projected along the longitudinal section. DP

980 GAN shows a higher surface area when estimated using both cycloids and vertical

lines indicating a greater degree of banding in these steels and a higher interfacial

area between the phases. The results are shown in Table 4.2.

Table 4.2: Quantitative Characterization of Banding of martensite

SV

(cycloids)(/mm)

(interfaces of the bands)

SV

(Vertical lines)(/mm)

(interface projected

on the rolling direction)

SV

(cycloids)(/mm)

(interfaces averaged over

longitudinal and transverse sections)

DP 980 NC 730± 84 435± 34 710± 55

DP 980 GAN 981± 80 650± 89 1008± 91

4.1.4 DP 980 GAD- Quantifying the gradient in the microstructure

As discussed earlier in the Background (chapter 2), the DP 980 GAD steels are man-

ufactured with a decarburized layer to enhance the bendability of the galvannealed

DP steels. The introduction of the decarburized layer introduces a gradient in the

microstructure where the surface is devoid of carbon and martensite and the bulk
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Figure 4.3: Montages showing the extent of martensite banding along the longitudinal
sections in (a) DP 980 NC and (b) DP 980 GAN

comprises of a Dual Phase structure similar to its galvannealed counterpart. Figure

4.4 shows representative micrographs from the surface and the bulk of the steel. The

gradient captured using micro-hardness indents is shown in Figure 4.4. The increase

in hardness going away from the edge greatly helps in identifying the decarburized

layer on the surface. Various techniques can be used to define the thickness of the

decarburized layer. One method can be to attribute the thickness to be the dis-

tance from the surface at which the steel attains the average hardness between the
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bulk and the decarburized layer. It can also be defined to be the thickness at which

an estimated microstructural parameter becomes constant. The volume fraction of

martensite and surface area per unit volume of interfaces between ferrite and marten-

site were computed as a function of distance from the edge, as shown in figure 4.6.

Figure 4.6 (a) shows the variation of volume fraction moving closer to the center of

the steel. The error bars are significantly large in this estimation. This is primarily

due to the small size of the dispersed martensite and the point counting technique

used in the estimation of volume fraction. Due to the small size, the probability of

the points landing on the dispersed phase was reduced that led to the larger error

bars. Images with a higher magnification also did not greatly improve the result.

The surface area per unit volume measurement however, was observed to be much

more reliable and followed a trend similar to that of the hardness. Thus, from these

results, it can be concluded that the surface area per unit volume is a better tool to

characterize the decarburized thickness in a gradient microstructure compared to the

volume fraction. The thickness was estimated to be ∼ 60µm on either side of the

steel.
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Figure 4.4: SEM images showing the montage and the different sections along the thickness of the DP 980 GAD steel. The
cross sections from the surface show the decarburized layer deprived of martensite. Cross sections from the center show a Dual
Phase microstructure with some connectivity in martensite.
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Figure 4.5: Variation of hardness in the longitudinal section of DP 980 GAD as
function of distance from the edge.

Figure 4.6: Variation of (a) Volume fraction of martensite and (b) Surface area per
unit volume of the harder and ferrite phase interface as a function of distance from
the edge.
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4.1.5 Galvannealed Coating layer

Figure 4.7 shows a representative micrograph of the galvannealed coating present

in the DP 980 GAN and DP 980 GAD steels. Although figure 4.7 (b) shows some

contrast within the galvannealed layers, the individual sub-layers within the coating

could not be clearly identified. The thickness of the coating has been estimated to be

10.5 µ m. Figure 4.8 Pt-s 1 through 3 show the EDS spectra of the coating at three

different locations along the thickness of the coating. Pt-4 lies on the substrate. No

substantial differences in coating chemistry were found at the three locations probed

on the coating.

Figure 4.7: Longitudinal cross sections showing the (a) Galvannealed coating (b)
magnified view of the coating on the galvannealed and decarburised steels

4.2 Mechanical Properties: Effect of strain rate and microstructure

Uniaxial Tensile tests were conducted on the DP steels spanning a strain rate range

of 10−6/s to 103/s. The mechanical properties measured are presented in the section

ahead.
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Figure 4.8: Energy Dispersive Spectrography (EDS) peaks from three different parts
of the coating and compared to the substrate.

4.2.1 DP 590 : Mechanical Properties

Figure 4.9 shows the stress-strain response of DP 590 steel using the miniature tensile

sample geometry. Continuous yielding with substantial initial strain hardening can

be observed at strain rates of 10−4/s through 10/s. At the strain rate of 3x103/s,

a peak at very low strains is observed. This is attributed to mechanical instabilities

arising during the Hopkinson Bar test. These instabilities could not be controlled and

arise due to the nature of the intermediate strain rate test using the Hopkinson bar.

Since this peak leads to ambiguities when computing the Ultimate Tensile Strength

(UTS), the UTS was computed from the High Speed camera images by determining

the stress corresponding to the strain at which necking initiates. In the quasi-static

regime the strength of DP 590 is seen to increase marginally while the fracture strain

does not show any clear trend. However, at the intermediate strain rates, both the

strength and fracture strain are seen to increase substantially.
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Figure 4.9: Stress strain response of DP 590 steels at quasi-static and intermediate
strain rates.

4.2.2 DP 980 NC : Mechanical Properties

The stress-strain response as a function of strain rate spanning nine orders of mag-

nitude for DP 980 NC is shown in figure 4.10. Similar to DP 590, DP 980 NC also

shows continuous yielding and initial strain hardening at quasi-static strain rates. At

strain rates higher than 10/s, disturbances arising due to load-cell oscillations result

in a noisy stress-strain response. At strain rates of 500/s and 2500/s, a peak at low

strains similar to DP 590 is observed that is attributed to the mechanical instabilities

arising due to the nature of the Hopkinson bar tests. Further, the strain at these
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strain rates was measured using digital image correlation which failed at high strains.

The actual fracture strain was hence computed using images which showed complete

fracture of the specimen and just before the two halves separated. The dotted lines

depict the extrapolation of the strain to the actual measured fracture strain. Al-

though the actual values of the fracture strain are accurate, the shape of the curve is

approximated.

The strength of DP 980 NC appears to show two different regimes as a function

of strain rate. In the quasi-static strain rate regime, the strength does not vary ap-

preciably, however, at strain rates greater than 1/s, a substantial increase in strength

is observed. As for the ductility, no significant trend is observed, although it is sub-

stantially higher at the intermediate strain rates compared to the quasi-static strain

rates.

4.2.3 DP 980 GAN and DP 980 GAD: Mechanical Properties

Figures 4.11 and 4.12 show the stress-strain response of DP 980 GAN and DP 980

GAD respectively, as a function of strain rate spanning seven orders of magnitude.

Both GAN and GAD also show continuous yielding and initial strain hardening. The

response in strength as a function of strain rate is not very different when compared

to DP 980 NC. A prominent difference between the DP 980 NC and GAN and GAD

is that at the intermediate strain rates, the strain in DP 980 NC is observed to

increase significantly whereas in both GAN and GAD, the effect is not observed. The

results illustrate the effects of microstructure on the fracture strain at higher strain

rates. This could also indicate that the fracture mechanism of these steels may be

significantly affected by the different microstructures, although their strengths remain

largely unaffected. Fracture surfaces observed at all the aforementioned strain rates

along with a quantification of the features observed are presented in the next section.
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Figure 4.10: Stress strain response of DP 980 NC steels at quasi-static and interme-
diate strain rates.

4.3 Fractography of Dual Phase Steels

4.3.1 Qualitative Fractography

The following subsection discusses the fractography of the DP steels and the quan-

tification of the features observed in the fracture surface.
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Figure 4.11: Stress strain response of DP 980 GAN steels at quasi-static and inter-
mediate strain rates.

Fractography of DP 590

Figure 4.13 depicts the fracture surfaces of DP 590 at low and high magnifications at

different strain rates. DP 590 shows a largely dimpled fracture surface at all strain

rates. Some secondary cracks are also seen at all strain rates. While a dimpled fracture

surface is attributed to plasticity, the secondary cracks surrounded by featureless

regions are classified as brittle.

Qualitatively, the fracture surfaces do not appear to change significantly with an

increase in strain rate.
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Figure 4.12: Stress strain response of DP 980 GAD steels at quasi-static and inter-
mediate strain rates.
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Figure 4.13: SEM images of the fracture surface of DP 590 at low and high magnification at strain rates of (a) 10−4/s, (b) 1/s,
(c) 10/s and (d) 3x103/s
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Fractography of DP 980

Figure 4.14 shows the fracture surfaces of DP 980 NC (at low and high magnifications)

at different strain rates. DP 980 NC also depicts largely dimpled fracture surfaces.

Large areas of featureless flat regions are also seen at all strain rates along with

secondary cracks surrounded by featureless regions. Qualitatively, as the strain rate

is increased, the areas of flat featureless regions reduce and the fracture surfaces take

on a more dimpled appearance. Thus, the observations indicate that the fracture

surface of DP 980 NC is strain rate sensitive.

Figure 4.15 shows the fracture surfaces (at low and high magnifications) of DP 980

GAN at different strain rates. Although the fracture surface is also largely dimpled,

a large part of the fracture surface is occupied by the facets with secondary cracks.

Qualitatively, the amount of facets with secondary cracks appear to be larger than

DP 980 NC.

Similarly, Figure 4.16 shows the fracture surfaces at low and high magnifications

of DP 980 GAD at different strain rates. In contrast to DP 980 NC and GAN, the

fracture surfaces of GAD show larger amount of dimpled regions.

An important point to note is that the features observed in the fracture surface are

similar in all the DP steels, although, the extent of the distribution of these features

is a function of both the underlying microstructure and the strain rate.
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Figure 4.14: SEM images of the fracture surface of DP 980 NC at low and high
magnification at strain rates of (a) 10−6/s, (b) 10−4/s, (c) 1/s, (d) 10/s, (e) 5x102/s
and (f) 2.5x103/s
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Figure 4.15: SEM images of the fracture surface of DP 980 GAN at low and high magnification at strain rates of (a) 10−4/s,
(b) 1/s, (c) 5x102/s and (d) 2.5x103/s
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Figure 4.16: SEM images of the fracture surface of DP 980 GAD at low and high magnification at strain rates of (a) 10−4/s,
(b) 1/s, (c) 5x102/s and (d) 2.5x103/s

113



4.3.2 Quantitative Fractography

4.3.3 DP 590

The predominantly dimpled fracture surface of DP 590 is attributed to ductile mecha-

nisms, whereas, the secondary cracks comprise the bulk of the brittle features observed

in these steels. Table 4.3 shows the area fraction of dimpled regions and the dimple

size as a function of strain rate. Both these features do not change appreciably with

strain rate and thus are insensitive to the increase in strain rate.

Table 4.3: Quantitative fractography of DP 590.

Strain Rate Area Fraction of Dimpled regions Dimple Size

10−4/s 91.1± 1.8 2.8± 0.1

10−2/s 89.6± 2.3 2.7± 0.2

10−1/s 86.7± 1.4 2.5± 0.3

100/s 85± 1.4 2.8± 0.1

101/s 86.3± 1.4 2.6± 0.2

3 ∗ 103/s 88.2± 1.3 2.5± 0.1

DP 980 steels

As discussed previously, the fracture surfaces of the DP 980 steels are largely com-

prised of three main features: (a) dimples, (b) facets without cracks and (c) secondary

cracks with facets. Figure 4.17 shows the area fraction of dimpled regions as a func-

tion of strain rate. DP 980 NC shows an increase in the area fraction of dimples with

strain rates, however, at higher rates it plateaus. The area fractions of both DP 980

GAN and GAD are largely insensitive to strain rate depicted by the flat linear trends

observed in these steels. Additionally, the area fraction of dimpled regions in DP 980

GAD is higher than in the GAN and NC counterparts at all strain rates. All these

observations indicate that the mechanisms that control the plasticity of the steels are

a function of both the microstructure and the strain rate.
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Figure 4.17: Area fraction of Dimpled regions as a function of strain rate for DP 980
steels.

Figure 4.18 shows the area fraction of facets without secondary cracks as a function

of the strain rate. The formation of these facets is most favorable at low strain rates

and is observed to be the highest in the DP 980 NC samples. The area fraction of

these features decreases as a function of strain rate across all the three steels. Thus,

the mechanism responsible for these features is strain rate sensitive in all the steels.

Further, figure 4.19 shows the area fraction of facets with secondary cracks. These

features are observed at a much greater extent with GAN steels, thus confirming

the qualitative observations. These estimations suggest that while the extent of the
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Figure 4.18: Area fraction of featureless faceted regions as a function of strain rate
for DP 980 steels.

secondary cracks with facets is different in each steel and can be a function of the

underlying microstructure, its sensitivity to strain rate is similar in all three steels.

Additionally, since the area fractions of dimples in DP 980 GAN and GAD remains

constant across strain rates, the increase in the secondary cracks occurs at the expense

of the reduction in facets. Thus, these features are preferred at higher strain rates.
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Figure 4.19: Area fraction of regions with secondary cracks as a function of strain
rate for DP 980 steels.

4.4 Fracture profile and deformed microstructures

The following section goes over the deformed microstructures and the fracture profiles

observed at different strain rates to gain a deeper understanding of the deformation

and void formation mechanisms of the DP steels.

4.4.1 DP 590

Figure 4.20 shows the fracture profiles of the DP 590 steels at (a) 10−4/s, (b) 1/s, (c)

3 ∗ 103/s strain rates. Voids originating at the interface of the ferrite and martensite
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interface are seen at all strain rates along with a deformed microstructure. Voids

originating due to the cracking of martensite are also observed. Inter-facial elongated

voids growing along the direction of loading are also observed. The deformation of

the microstructure at three strain rates was quantified by estimating the aspect ratio

of ferrite and martensite grains at different strain rates near the fracture surface and

away from it but still in the gage section of the sample. Figure 4.21 shows the aspect

ratio of the ferrite grains. Ferrite shows increased deformation at the intermediate

strain rates indicating that ferrite could be taking the bulk of the total strain at these

strain rates. Figure 4.21 also shows the aspect ratios of martensite. The deformation

trend between ferrite and martensite is reversed near the fracture edge. The aspect

ratios can also aid in understanding the strain partitioning between the two phases

at different strain rates and will be discussed in the next chapter.

4.4.2 DP 980 NC

Figure 4.22 shows the fracture profile of the DP 980 NC steels at strain rates of (a)

10−6/s, (b) 10−4/s, (c) 1/s and (d) 3∗103/s. The fracture profile at the slowest strain

rate of 10−6/s shows largely circular voids and qualitatively fewer compared to the

other strain rates. The fracture profile is also ∼ 450 indicating a predominately shear

like fracture. Large delamination cracks can be observed at strain rates of 10−4/s

and 1/s. The fracture profile at the intermediate strain rate does not show a large

crack but several elongated voids originating from delamination between the phases.

Qualitatively, the microstructure at the intermediate strain rate is the most deformed

indicating the substantially high strain experienced at this strain rate.
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(a)

(b)

(c)

Figure 4.20: Fracture profile and deformed microstructures of DP 590 NC at (a)
10−4/s, (b) 1/s and (c) 3 ∗ 103/s. Voids generated by the cracking of martensite an
inter-facial fracture can be observed at all strain rates.
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Figure 4.21: Plot showing the aspect ratio of the ferrite and martensite grains at
different strain rates close to the fracture surface and away from it in the uniformly
deformed region. High aspect ratio of ferrite and conversely low aspect ratio of
martensite at the highest strain rate suggest a large portion of the strain was parti-
tioned in ferrite at the highest strain rate.
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Figure 4.22: Representative low and high magnification SEM images showing the fracture profiles of DP 980 NC at different
strain rates. (a) fracture profile at 10−6/s with a few circular voids showing delamination, (b) fracture profile at 10−4/s showing
the formation of cracks originating by martensite cracking, (c) substantially long delamination crack observed on the fracture
profile at strain rate of 1/s, (d) Fracture profile at 2 ∗ 103/s strain rate showing a significantly deformed microstructure and
scattered elongated delamination voids.
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4.4.3 DP 980 GAN

The fracture profile and deformed microstructures of DP 980 GAN are depicted in

figure 4.23 for strain rates of (a) 10−4/s and (b) 2.5 ∗ 103/s. A deep fissure is ob-

served at the lower strain rate and the higher magnification image shows the fissure

surrounded by heavily deformed martensite bands. This micrograph captures the

plasticity of martensite at this strain rate and also shows substantial blunting of

the fissure formed that can also indicate plasticity. The deformed microstructure at

the intermediate strain rate shows elongated voids with delamination similar to DP

980 NC. However, qualitatively a distinct difference in the extent of microstructural

deformation could not be obtained between the different strain rates of the GAN

steel.

4.4.4 DP 980 GAD

Figure 4.24 shows the fracture profiles of DP 980 GAD at strain rates of (a)10−4/s

and (b) 1/s. Qualitatively, GAD showed fewer voids overall when compared to NC

and GAN at the same strain rates. Additionally, most voids, although showing de-

lamination, are largely circular as opposed to the elongated voids seen in GAN and

NC steels. The dispersed martensite may be responsible for the blunting of the voids.

Similar to the GAN steels, a large difference in the deformation of the microstructures

at the two different strain rates was not observed.

4.5 Plate Impact Experiments- Spall Failure

4.5.1 Overview

Plate impact experiments were carried out to understand the dynamic tensile (spall)

behavior and resulting complete fracture and incipient spall in which the failure is

arrested to reveal a deformed and void nucleated microstructure. During plate-on-
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(a)

(b)

Figure 4.23: Fracture profile of DP 980 GAN at strain rates of (a) 10−4/s; the profile
shows the formation of a fissure and heavily deformed martensite bands indicating the
plasticity of the phase, (b) fracture profile at 2 ∗ 103/s showing scattered elongated
voids and a few delamination voids along the banded regions of martensite

plate impact experiments, compression waves are generated in the sample and in the

flyer plate, which reflect off the back and free surfaces enter the sample. Interaction of

the reflected compression waves from the back of the flyer and sample generate tension

that results in spallation if the magnitude of tension exceeds the tensile strength.

Figure 4.25 shows the (a) distance versus time and (b)free-surface velocity versus

time curves for a nominal plate impact experiment resulting in spall. Since the flyer

plate and the samples are made from DP steels and their sounds speeds are similar, the

impact can be considered to be symmetric. Figure 4.25 (b) also shows the Hugoniot
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(a)

(b)

Figure 4.24: Fracture profiles of DP 980 GAD at (a) 10−4/s strain rate showing few
circular delamination voids, (b) 2 ∗ 103/s strain rate also showing largely circular
voids. The elongated voids observed in the NC and GAN counterparts were not
observed.

Elastic Limit (HEL) at time t1 which marks the point at which the material transitions

from a predominantly elastic state to an elastic-plastic state. The stress experienced

at the HEL is the dynamic compressive strength and is given by equation 19.

σHEL =
1

2
ρ0CLuHEL (32)

Complete spallation occurs when the magnitude of the tensile stress exceeds the
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spall strength across the entire sample section and results in complete seperation.

The spall strength is computed from the pull-back velocity (shown in Figure

4.24(b)), using equation (20). A correction factor is also employed and computed

using equation (21).

σspall =
1

2
ρ0CB(∆ufs+ δ) (33)

δ = xspall(
1

CB
− 1

CL
)(
|u̇1u̇2|
|u̇1|+ u̇2

) (34)
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Figure 4.25: Representative schematic of (a) an x-t diagram for a symmetric impact
experiment showing the interaction of the waves and the generation of the spall plane,
(b) VISAR free surface velocity profile showing the HEL at t1, the pull back velocity
and the spall signal.

4.5.2 Free Surface Velocity Traces

DP 590

The plate impact experiment conducted on this steel was at 600m/s which resulted in

a complete spall. The experimental setup consisted of two samples of DP 590, with
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one being probed and another being recovered. The third sample was DP 980 GAN

for recovery only.

Figure 4.26 (a) shows the full free velocity VISAR profile for the probed DP 590

sample. A HEL at ∼ 70m/s is clearly observed and is depicted in figure 4.26 (b). The

pull back signal showing the decompression and recompression portion of the spall

is shown in figure 4.26 (c). Upon closer inspection, a change in slope is observed in

the recompression wave. The slopes of the recompression waves have been associated

with the rates of void growth and nucleation and will be discussed in detail in the

subsequent chapter. The HEL and spall strength calculated in this steel are shown

in Table 4.3.

Table 4.4: HEL and Spall strength of DP 590

Velocity (m/s) σHEL σSpall

600m/s 1.79± 0.03 2.95± 0.2
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Figure 4.26: (a)Full VISAR free surface velocity of the DP 590 tested at 600 m/s, (b) zoomed in plot to show the Hugoniot
Elastic Limit (HEL), (c) zoomed in plot showing the pull-back velocity and recompression wave. Two different slopes were
observed in the recompression wave.
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DP 980 NC

Two plate-impact experiments at 600m/s and 300m/s were carried out on the DP

980 NC steels. The 600m/s velocity resulted in a complete spall and the 300m/s

resulted in an incipient spall. Each experiment had three samples, where one sample

was probed using VISAR interferometry and the other two samples were designed to

be recovered for fractography.

Figure 4.27 (a) shows the free surface velocity VISAR profile for the 600m/s

experiment. The pull-back signals indicate the spall and the subsequent ringing in the

fractured sample. Figure 4.27(b) shows the step generated by the HEL at ∼ 70m/s.

A magnified view of the pull-back signal of the VISAR is depicted in figure 4.27(c).

The recompression curves show a slope change similar to DP 590 steels indicating

that there is a change in the void nucleation and growth rates under very high strain

rates in these steels as well.

128



(a)

74.5 75.0 75.5 76.0 76.5 77.0 77.5 78.0 78.5 79.0
Time(µs)

0

100

200

300

400

500

600

Fr
ee

Su
rf

ac
e

V
el

oc
it
y

(m
/s

)

Free surface velocity trace at 600m/s for DP 980 NC

(b)

74.70 74.75 74.80 74.85 74.90
Time(µs)

0

25

50

75

100

125

150

175

200

Fr
ee

Su
rf

ac
e

Ve
lo

ci
ty

(m
/s

)

uHEL

Velocity trace for HEL

(c)

75.0 75.1 75.2 75.3 75.4 75.5
Time(µs)

400

450

500

550

600

650

700

Fr
ee

Su
rf

ac
e

Ve
lo

ci
ty

(m
/s

)

Slope change

Pull back trace from spall

Figure 4.27: (a)Full VISAR free surface velocity of the DP 980 NC tested at 600 m/s, (b) zoomed in plot to show the Hugoniot
Elastic Limit (HEL), (c) zoomed in plot showing the pull-back velocity and recompression wave. Two different slopes were
observed in the recompression wave.
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Figure 4.28(a) shows the full VISAR profile for the 300m/s experiment. As seen

in figure 4.28(a), the pull back velocity does not reach the peak velocity indicating

that the sample underwent incipient spall. Similar to the 600m/s experiment, the

HEL and a magnified view of the pull back velocity are depicted in figure 4.28 (b)

and (c), respectively. Additionally, a change in slope in the recompression wave is

also observed. The HEL and spall strength of the two experiments are given in table

4.5. The spall strength was computed by taking an average of the two slopes in the

recompression wave. The spall strength was higher than DP 590, but the HEL was

observed to be slightly lower.

Table 4.5: HEL and Spall strength of DP 980 NC at different velocities

Velocity(m/s) σHEL σSpall

300 m/s 1.71± 0.2 4.01± 0.2

600 m/s 1.75± 0.2 3.94± 0.2

The recovered samples were investigated to gain a deeper understanding of the

fracture generated under spall and the nucleation of voids leading to incipient spall.

The fractography and deformed microstructures are presented in the next section.
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Figure 4.28: (a) Full VISAR free surface velocity trace of the DP 980 NC experiment at 300m/s, (b) zoomed in plot showing
the HEL, (c) zoomed in plot showing the pull back velocity and change in slope in the recompression wave.
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DP 980 GAD

Figure 4.29 (a) shows the full VISAR free velocity trace for the DP 980 GAD sample

shot at 600m/s. The HEL and spall response of DP 980 GAD was similar to that of

DP 980 NC. The recompression curves showed a marked change in slope, similar to

DP 980 NC and DP 590. Thus, the void nucleation and growth changes at these high

strain rates for all three steels.

Table 4.6 shows the HEL and spall strength calculated in this steel. Although the

spall strength was higher than DP 590, as expected, it was lower than DP 980 NC

samples.

Table 4.6: HEL and Spall strength of DP 980 GAD

Velocity (m/s) σHEL σSpall

600m/s 1.63± 0.03 3.33± 0.2
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Figure 4.29: (a)Full VISAR free surface velocity of the DP 980 GAD tested at 600 m/s, (b) zoomed in plot to show the Hugoniot
Elastic Limit (HEL), (c) zoomed in plot showing the pull-back velocity and recompression wave. Two different slopes were
observed in the recompression wave.
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4.5.3 Post-Mortem Fractography

DP 590

Figure 4.30 (a) shows the low magnification spall fracture surface of DP 590 NC.

The fracture surface was predominantly brittle with a few long striations along the

rolling direction. The brittle regions showed a quasi-cleavage response with a very

few scattered voids.

SEM based fractography was conducted on unbiased images taken from the cen-

tral one-third of the sample, similar to the quasi-static and intermediate strain rate

samples. The observed features were classified into dimples, quasi-cleavage areas or

striations. The area fraction of the brittle regions was estimated to be 89.2 ± 10%,

thus confirming the qualitative observations. Only 0.6% of the fracture was occupied

by voids while the remaining 10% was occupied by the striations.

DP 980 NC

The recovered samples from the 600m/s showed complete spall. The fractured halves

showed some secondary damage as shown in Figure 4.31 (a). The measured thickness

of the halves were ∼ 1mm indicating that the spall plane was very close to the mid-

plane of the samples. Figure 4.27 (b) shows a low magnification image of the spall

sample. The spall fracture surface although containing substantial heterogeneities,

was predominantly brittle. Racetrack like features indicated by white arrows were

also observed inter-dispersed with brittle regions as shown in figure 4.31 (c). The

predominantly brittle region is depicted in figure 4.31(d).

Figure 4.32 shows the different regions within the spalled sample at higher mag-

nifications. Figure 4.32(a) shows the racetrack like fracture features while figure 4.32

(b) shows an area of the fracture surface predominantly occupied by dimple ductile

features. Higher magnification images of the racetrack like fracture features, figure
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(a)

(b) (c)

Figure 4.30: (a) Low magnification image of the spalled sample and showing the
magnification at which the sample was investigated for quantitative fractography,
(b) Representative SEM image of the quasi- cleavage fracture observed , (c) High
magnification image of the quasi-cleavage brittle fracture in DP 590.

4.32(c) and (d) reveal thin dimpled regions which appear as ridges and long flat

featureless regions. Figures 4.32 (e)-(h) show various regions of brittle fracture at

different magnifications. The brittle regions composed of sharp facets with a few

scattered dimples.

The area fraction of brittle regions was estimated to be 77.4±19%, thus confirming

the qualitative observations.
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(a) (b)

(c) (d)

Figure 4.31: (a) Spalled sample generated from the 600m/s experiment, (b) Low
magnification image of the mounted spalled sample and showing the region of the
sample investigated for quantitative fractography, (c) Low magnification image of the
race-track like striations seen on the fracture surface, indicated by white arrows, (d)
Low magnification image of a largely brittle fracture observed.
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Figure 4.32: Representative SEM images of DP 980 NC showing the heterogeneities in the fracture surface by highlighting the
ductile (a) to (d) and brittle fracture features (e) to (h). (a) Racetrack like striations, (b) largely dimpled region, (c) region
showing a mixture of the striations, dimples and a few brittle facets, (d) high magnification image of the striations showing the
presence of dimples and flat featureless areas, (e) low magnification image showing brittle fracture, (f) large void observed in a
brittle region, (g) facets showing brittle fracture and (h) high magnification image of the faceted region interspersed with a few
voids.
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DP 980 GAN

Figure 4.33 (a) shows the low magnification spall fracture of the recovered DP 980

GAN sample that was shot at 600m/s. Qualitatively, the fracture surface is distinctly

different from DP 590 and DP 980 NC. A large part of the fracture surface is occupied

by the long flat bands that are parallel to the rolling direction. The area fraction

occupied by the bands were the largest, 47 ± 8%, and occupied half of the fracture

area. Similar to DP 980 NC, there are dimples surrounding the striations, and the

area fraction was estimated to be 31.9 ± 5%. The area fraction of brittle regions

occupied by quasi-cleavage regions was 20 ± 6%, which is considerably lower than

both DP 980 NC and DP 590.

DP 980 GAD

The spall fracture surface of DP 980 is shown in figure 4.34 (a) and is very similar to

the that observed in DP 980 GAN steels. Long bands parallel to the rolling direction

were observed in these steels as well and were surrounded by dimpled areas. The

quasi-cleavage fracture was observed, however the extent of this fracture was much

lower when compared to DP 590 and DP 980 NC steels.

The quantitative fractography estimated the area fraction of the bands at 43±7%,

area fraction of dimples at 31 ± 7% and area fraction of the quasi-cleavage regions

is 25 ± 6%. These estimations confirm the qualitative observation regarding the

similarity between the DP 980 GAN and GAD spall fracture surfaces. The subsequent

chapter will highlight a few explanations for this behavior.

4.5.4 Incipient Spall-Deformed microstructure

The experiment at 300m/s resulted in incipient spallation as revealed upon observa-

tion of the cross-section of the impacted sample. Cracks were nucleated with some

growth but the deformation was arrested such that the fracture did not propagate
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(a)

(b) (c) (d)

Figure 4.33: (a) Low magnification image of the spalled sample of DP 980 GAN
with a large area occupied by the long bands surrounded by dimples and a zoomed in
image showing the magnification at which the sample was investigated for quantitative
fractography, (b) Representative SEM image of the long bands parallel to the rolling
direction, (c) High magnification image of the quasi-cleavage brittle fracture and (d)
High magnification image of the flat bands with dimples.

throughout the sample. Generation of incipient spall gives crucial information on the

preferential area in the microstructure for void nucleation under shock loading. Figure

4.35 (a) shows a low magnification montage of incipient sample cross-section contain-

ing the longitudinal section. Large voids nucleated near the center of the sample are

indicated in figures 4.35 (b),(c) and (d). The sample did not have much secondary

damage and hence the damage can be attributed to be created almost entirely by the

spall process.
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(a)

(b)

Figure 4.34: (a) Low magnification image of the spalled sample of DP 980 GAD
with a large area occupied by the long bands surrounded by dimples and a zoomed in
image showing the magnification at which the sample was investigated for quantitative
fractography and the area containing the flat bands and dimples, (b) Representative
SEM image of the long bands parallel to the rolling direction and a corresponding
high magnification image of the flat bands with dimples.
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Figure 4.35: (a) Optical unetched montage of the incipient spall sample showing large voids, (b) elongated voids observed on
the center of the sample, (c) large coalesced voids (d) collection of smaller connected voids
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Figure 4.36 shows the etched microstructures of the incipient spall sample cap-

tured using optical and scanning electron microscopy. Distorted banded structures

of martensite can be observed near the bigger voids in figure 4.36 (a). Figure 4.36

(b) and (c) show martensite bands deforming substantially and rotating to become

nearly vertical in the vicinity of the large voids.

Higher magnification images confirm the extensive deformation and plasticity

demonstrated by martensite. Deformation bands at ∼ 450 can be observed in fig-

ure 4.36 (d) indicating the possibility of shear band formation. Figure 4.36 (e) shows

the extensive plasticity of martensite near a void and figure 4.36 (f) shows inter-facial

cracks that were scattered throughout the sample.
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Figure 4.36: (a) optical microstructure showing the deformed martensite bands around large voids, (b) shows significant rotation
of the phases near a void, (c) shows bending and rotation of the phases close to the void, (d) SEM image showing a deformation
bad linking two separated voids, (e) high magnification image of the heavily deformed and rotated martensite, (f) interfacial
delamination cracks observed on the center of the specimen.
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Martensite plasticity

Figure 4.37 (a) shows the presence of a vertical deformation band connecting two

different cracks in the microstructure. A similar band, although horizontal, can be

seen to connect inter-facial cracks to a larger void in the microstructure. This sub-

stantial bending and plasticity of martensite could be responsible for the propagation

of deformation and ultimately the creation of the spall plane during shock loading of

DP 980 NC.
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Figure 4.37: (a) Vertical deformation band connecting two cracked regions, (b) horizontal deformation band connecting cracks
to a network of voids, (c) deformed and rotated martensite between two interfacial delaminated cracks.

145



CHAPTER 5

DISCUSSIONS

The current chapter will provide a deeper understanding of the operative deformation

and fracture mechanisms of the four commercial DP steels investigated in this work.

This will be achieved first by discussing the effect of volume fraction of martensite

on the mechanical properties and fracture response. Results of a few other com-

mercial steels reported in the literature under similar conditions will be used for the

discussions. Further, the differences observed in the three DP 980 grade steels with

a similar volume fraction of martensite will be discussed to understand the effects of

the addition of the coating layers and the presence of a gradient microstructure on

the strain rate sensitivity of the mechanical properties and fracture response. Finally,

the effect of geometry on the mechanical properties and deformation of DP 590 will

be discussed to illustrate the importance of maintaining a constant geometry at all

strain rates.

5.1 Effect of Volume fraction of martensite

Four different commercial steels namely High Strength Low Alloyed (HSLA) 590, DP

590, DP 980 NC and USIBOR 1500 containing 0%, 29%, 68% and 100% of marten-

site respectively, are selected for the discussions in the current section. The data

for the HSLA 590 and USIBOR 1500 steels were taken from the work conducted by

Mishra et al. [84], to understand the effects of strain rate on completely ferritic and

uncoated HSLA 590 steels and the effects of both strain rate and processing condi-

tions on DUCTIBOR 590 and USIBOR 1500. DUCTIBOR and USIBOR contain an

aluminum-silicon coating and were processed using hot stamping. Among the various

time-temperature combinations discussed in the study by Mishra et al., the USIBOR
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1500 steel, processed with a time-temperature condition of 9200C for seven minutes,

were chosen for this discussion since it is considered to be the nominal condition when

hot stamping these steels. The nominal tensile strengths of the steels under quasi-

static strain rates were 590 MPa (HSLA and DUCTIBOR) and 1500 MPa (USIBOR).

The chemistry and processing conditions of HSLA 590 and USIBOR 1500 were dif-

ferent from the DP steels and can also affect the mechanical properties and fracture

response of these steels. However, for the following sections, only the effect of the

volume fraction of martensite will be explored in detail. Additionally, all the steels

discussed in Mishra et al.’s [84] work, similar to the current study, have applications

in the automotive industry and can thus be exposed to high strain rate conditions

that arise during sheet metal forming and crash, making their strain rate sensitivity

an important aspect as well.

5.1.1 Comparing microstructures

As discussed before, HSLA 590 has a completely ferritic structure. It has a fine grain

size with dispersed carbides distributed within the grains and also along the grain

boundaries. Figure 5.1 (a) shows the microstructure of this steel under optical and

scanning electron microscopy. Figures 5.1 (b) and (c) show the microstructures of

DP 590 and DP 980 NC for comparison. The USIBOR 1500 microstructure is shown

in figure 5.1 (d) and is comprised entirely of martensite.

Comparing the martensite in the steels

As mentioned before, both HSLA 590 and DP 590 have similar ultimate tensile

strengths of 590 MPa at quasi-static strain rates. Whereas finer grain size and dis-

persed carbides act as the strengthening mechanism in HSLA 590 steel, the dispersed

martensite is the strengthening mechanism for DP 590. These microstructural dif-

ferences, though leading to similar strength levels, can lead to differences in other
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(a) (b)

(c) (d)

Figure 5.1: Representative SEM images of the different AHSS steels with different
volume fractions of martensite. (a) HSLA-completely ferritic with dispersed carbides
[85], (b) DP 590-with 30% martensite and ferrite matrix, (c) DP 980 NC-with 70%
martensite and dispersed ferrite islands, (d) USIBOR-100% martensitic microstruc-
ture.

mechanical properties and fracture response, as discussed in the subsequent sections.

As shown in table 4.1, the volume fraction of martensite in DP 590 is ∼ 30% and in

DP 980 is ∼ 70%. Thus, the phases in these steels are topologically reversed. Further,

the mean free path in the matrix phase are also similar in both steels indicating that

that the sizes of the connected ferrite phase in DP 590 and the connected martensite

phase in DP 980 are of the same order. The bulk carbon content in the steels are also

the same and thus martensite of DP 590, with more carbon partitioned in it compared

to DP 980, would be stronger. Since USIBOR 1500 consists of only martensite, the

mean free path estimations are not meaningful.
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In addition to the volume fractions, the morphology of martensite was also ob-

served to be different in all three steels with martensite. While some internal structure

was observed in the martensite of both USIBOR 1500 and DP 980 NC, none were

seen in DP 590.

These differences in the volume fraction and morphology of martensite manifest

in different mechanical properties and are discussed next.

5.1.2 Quasi-static mechanical properties

Figure 5.2 shows the quasi-static engineering stress-strain curves for the four steels

at a strain rate of 10−2/s.

Comparing HSLA 590 and DP 590, steels with a similar strength level, the in-

fluence of the introduction of a second harder phase from a single ferritic phase can

be observed primarily in the work hardening differences. Where DP 590 character-

istically exhibits high initial work hardening expected in DP steels [7, 8, 86], HSLA

590 shows an almost linear and horizontal behavior at low strains indicating lower

work hardening. One factor which contributes to work hardening is the mobility

of dislocations. While grain boundaries form the area of high dislocation density in

HSLA steels, the ferrite-martensite interfaces are the areas of high dislocation density

in DP 590 leading to stress localization in these areas [20, 87, 51]. Thus, HSLA can

facilitate the strain across a larger volume, while the deformation in DP 590 needs to

be accommodated by the generation of fresh dislocations in the ferrite grains. The

generation of mobile dislocations followed by pinning can explain the higher work

hardening in DP 590 compared to HSLA.

The increase in the volume fraction of martensite from DP 590 to DP 980 NC

to USIBOR 1500 increases the ultimate tensile strength of the steel, as observed

by several studies before [4, 52] with one explanation being the (modified) rule of

mixtures [19]. In the current study, the tensile strength increases by ∼ 50% from DP
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Figure 5.2: Quasi-static stress-strain response at strain rate of 10−4/s of HSLA (blue),
DP 590 (red), DP 980 NC (black) and USIBOR (yellow). Miniature geometry used
for HSLA 590 and DP 590 and REL geometry used for DP 980 NC and USIBOR
1500.

590 to 980 NC and by ∼ 60% from DP 980 NC to USIBOR 1500. This increase leads

to a reduction in the total elongation of the steels.

Interestingly, although the total elongation of HSLA 590 is less than DP 590, the

difference is not as substantial when compared to the difference between DP 980 NC

and USIBOR. The differences in post uniform strain, however, are easily discernible.
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In HSLA 590, a larger percent (∼ 75%) of the total strain is attributed to the post-

uniform elongation compared to DP 590 (∼ 45%). This behavior is also observed

in USIBOR 1500, also consisting of a single phase. The post uniform elongation

occupied ∼ 60% of the total strain in USIBOR 1500. Thus, although the nature of

the phase controls the strength and total elongation, the strain localization and onset

of necking is influenced substantially by the presence of a second phase. With a single

phase, the strain can be homogenized faster, leading to an earlier onset of necking,

and thus, lower uniform strains, whereas in the DP steels, the strain is partitioned

and localized, retarding the neck formation. This is also observed by other authors

for steels containing multiple phases when compared to single phase microstructures

[88, 89]. Since the fracture surface response is also a local phenomenon, the extent of

the localized deformation post uniform strain can play a influential role.

5.1.3 Effect of strain rate on mechanical properties

The effect of the volume fraction of martensite on the strain rate sensitivity of DP

steels has been studied by several authors [4, 90, 52]. The positive strain rate sensi-

tivity of the DP steels has been attributed to the presence of ferrite, as completely

martensitic steels did not show substantial sensitivity to strain rate.

Figure 5.3 shows the stress-strain curves of the four steel grades at the highest

strain rate they were tested, which was in the range of 103/s. Tensile tests on DP

980 NC were conducted on a strain rate range of 10−6/s to 103/s, while the strain

rates on DP 590, HSLA and USIBOR steels spanned a strain rate range of 10−4/s to

103/s. The high stresses at initial strains are prevalent in all the steels and arise due

to mechanical instabilities during the Hopkinson bar testing.

A positive strain rate sensitivity is associated with an increase in the stress, as

the strain rate is increased. This is attributed to the increase in dislocation density

with an increase in stress, leading to work hardening. However, a competing effect at
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Figure 5.3: Plot showing the intermediate strain rate stress-strain response at the
highest strain rates the AHSS steels were tested for. (a) HSLA and (b) DP 590, both
at 3 ∗ 103/s, (c) DP 980 NC at 2.5 ∗ 103/s and (d) USIBOR at 103/s strain rate. All
the steels showed an intital peak in stress arising due to mechanical instabilities.

higher rates is that of thermal softening, which dictates that part of the energy at high

deformation rates is converted to heat and leads to the softening of the material [4,

39, 33]. The subsequent strain rate sensitivity of the material which is dictated by the

creation, interaction, and annihilation of dislocations travelling within the material

is also a function of the underlying microstructure [91, 92, 93]. This is explained
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by Kun et al. [93] using Orowan’s equation (equation 35) which relates the plastic

strain rate to the density of mobile dislocations and the average dislocation velocity.

At higher strain rates, the dislocation velocity and density would increase, leading to

higher stresses.

ε̇P = αbρmv̄ (35)

The study by Kun et al. attempts to explain the different strain rate sensitivities

of different metals based on the sensitivity of dislocation movement to the stress in the

given material. Thus, a distinction in the work hardening and strain rate sensitivity

is made such that, while strain hardening dictates the threshold of dislocation move-

ment, the strain rate sensitivity is dictated by how these dislocations move, interact,

multiply, and annihilate.

The above discussions are pertinent to understanding the strain rate sensitivity

of the four steels with different volume fractions of martensite. Figure 5.4 shows the

variation of UTS with the log of strain rate for the four steels. All steels show some

positive strain rate sensitivity of UTS. The extent of this sensitivity, however, varies

with the underlying microstructure.

All four steels show the appearance of two different regimes in the strain rate

sensitivity. One regime that operates up to a strain rate of 1/s with no substantial

change in strength, and the other beyond 1/s, where the increase in strength is no-

ticeable. These regimes are seen most clearly in DP 980 NC steels that were tested

for the largest strain rate range. (The difference in the strength shown by DP 980

NC at a strain rate of 102/s - marked by the dotted circle - can be attributed to noise

created by load cell oscillations during the high strain rate tensile test.)

Figure 5.5 shows the change in the UTS from the lowest to the highest strain rate

to help understand the extent of sensitivity that each of these steels shows to strain

rate.
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Figure 5.4: Plot showing the variation of the UTS of the AHSS steels as a function
of strain rate. Two different regimes in the strain rate sensitivity were observed.

DP 590, HSLA 590 and DP 980 NC do not show a substantial difference in strain

rate sensitivity of UTS. Overall, USIBOR with a completely martensitic microstruc-

ture shows the lowest strain rate sensitivity, with only a 5% increase, which is similar

to that observed by other studies on completely martensitic steels [4, 94]. An inter-

esting observation is the substantial increase (25%) in the UTS of DP 980 NC steel

at the highest strain rate compared to USIBOR 1500. These observations confirm

that the strain rate sensitivity of these steels is not a function of the volume fraction
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Figure 5.5: Plot showing the change in the UTS of the four steels from the lowest to
the highest strain rate

of martensite alone, but dependent on other factors which control the movement of

dislocations at a given strain rate.

The flow stresses of a material can be divided into three separate components to

shed more light on the mechanisms controlling them [95]. The equation describing

this is shown in equation 36, where σi is the athermal strain independent stress, σ∗

is the thermal component of stress which depends on the strain rate and density of

mobile dislocations, and σd is the component arising due to long range interaction of
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dislocations and is a function of the total dislocation density within the material.

σ = σi + σ∗ + σd (36)

The differences in the strain rate sensitivity of these steels can thus be attributed

to an insensitivity of the thermal stresses with strain rate, where the single phase

HSLA 590 and USIBOR 1500 steels do not show marked effects of thermal stresses

on strain rate. This also emphasizes the role played by the processing conditions on

the strain rate sensitivity. Although both DP 980 NC and USIBOR 1500 contain

a martensitic matrix, martensite in USIBOR 1500 had lower strain rate sensitivity.

This can be due to a higher carbon content in martensite and varying processing

conditions leading to differences in the resulting martensite properties of the two

steels, which eventually control the strain rate sensitivity.

Strain rate sensitivity of elongation

Figure 5.6 shows the total elongations of the four steels as a function of strain rate.

Although, no single clear trend is observed, the behavior of DP 590, 980 NC and

USIBOR 1500 appears to be similar as a function of strain rate. On the contrary,

HSLA 590 steels largely show an increase with an increase in strain rate.

The increase in the total elongations of the DP and USIBOR steels is also observed

after a certain threshold of strain rate, similar to the stresses.

Figure 5.7 (a) shows the change in the total elongation at the highest strain rate for

the four steels. DP 980 NC shows the highest strain rate sensitivity, as the elongation

more than doubles at the highest strain rate, followed by USIBOR 1500, which shows

a 40% increase. All four steels however, show a positive sensitivity in both stresses

and elongations, indicating that under strain rates that are representative of crash,

these steels show an improved behavior in both strength and elongation compared

to the quasi-static strain rates. This increase in the total elongation in a large part
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Figure 5.6: Plot showing the strain rate sensitivity of the total elongation of the
AHSS steels. All steels showed an increased elongation at intermediate strain rates
that could be attributed partially to adiabatic heating.

is attributed to the increase in the post-uniform elongation at higher strain rates, as

shown in figure 5.7 (b).

Several studies have attributed the increase in strains at higher strain rates to

thermal softening effects resulting from the adiabatic heating of the steels at high

strain rates [4, 52]. Additionally, the deformation at higher strain rates is also local-

ized [55]. Based on figure 5.7(a), steels with the higher volume fraction of martensite,
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Figure 5.7: Plots showing the change in the (a)total elongation and (b) Post-Uniform
Elongation(PUS) of the four steels from the lowest to the highest strain rate

namely DP 980 NC and USIBOR 1500, show a higher sensitivity to strain rate, in-

dicating that the global plasticity of these microstructures is increased at the higher

strain rates. Interestingly, DP 980 NC shows a greater sensitivity compared to DP

590 which could suggest the influence of the carbon partitioning in martensite and

the connectivity of martensite in establishing the global plasticity of the DP steels at

higher strain rates.

While these discussions pertain more to the global scale mechanisms, the creation

of fracture surfaces are dictated by local deformation mechanisms and may be different

from those operating at the global scale. These local mechanisms can be understood

through a discussion on the data obtained by observing the fracture surfaces, as

presented in the subsequent section.

5.1.4 Fracture response

The fracture response portrays the effects of deformation and failure occurring at

the local scale and provides insight on the local level mechanisms operating in the
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steels. While all four steels showed large areas of the fracture surface occupied by

dimples indicating the primary mechanism to be that of void nucleation and growth

arising from local plasticity, other features alluding to secondary mechanisms are also

observed. The prominent features, other than dimples, were pullouts, flat featureless

regions and long secondary cracks that often span the width of the fractured surface.

Figure 5.8 shows the representative fracture surfaces of HSLA 590, DP and USIBOR

1500 steels. The features observed are largely classified into those that have been

formed due to ductile and brittle mechanisms. While dimples are associated with

plasticity and are classified as ductile features; pullouts, facets and secondary cracks

are associated with brittle mechanisms.
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(a) (b)

(c) (d)

Figure 5.8: Representative SEM images of the fracture surfaces at the lowest strain rate and the highest strain rate achieved
using the hopkinson bar for (a) HSLA, (b) DP 590, (c) DP 980 NC and (d) USIBOR. The secondary cracks were observed the
most in the DP steels which had a connected martensitic phase.
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Qualitatively comparing the fracture surfaces of DP 590 and HSLA 590 which

showed similar strength and elongation behaviors, a marked difference in the fracture

response, particularly in their brittle fracture mechanisms, is observed. Upon com-

paring the 10−4/s fracture surfaces at low magnifications, the distinct deformation

difference observed in the form of higher post uniform elongation of HSLA 590 steels

was confirmed by the smaller fracture surface area compared to DP 590, as shown in

figure 5.9. Even at these low magnifications, the large pullouts in HSLA 590 and the

longer secondary cracks in DP 590 which form the respective brittle mechanisms in

these two steels can be easily discerned. The secondary cracks in DP 590 run parallel

to the rolling direction and are present at all strain rates. Previous studies have at-

tributed these cracks to fissures produced due to manganese sulphide inclusions [34],

or shear assisted fracture [96], segregation of elements in the center of the steel [32],

or cleavage like long bands that could lead to premature fracture [33]. The absence of

these cracks in HSLA steels indicates that this feature is formed due to the presence

of a ferrite-martensite interface.

(a) (b)

Figure 5.9: Representative low magnification SEM images of the fracture surfaces
for (a) DP 590, and (b) HSLA 590. HSLA 590 shows a considerable necked region
compared to DP 590

The estimated area fractions of the dimpled regions is higher in DP 590 (∼ 85%)
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steels at all strain rates compared to HSLA 590 steels with ∼ 65%. Thus, the mi-

crostructure of DP 590 with a harder phase shows a higher amount of local plasticity

while retarding the neck formation at the global scale. This can be explained by try-

ing to understand the void initiation sites in both the steels and the stresses required

for the formation of a void. Equation 37 shows the model proposed by Goods and

Brown [97], where σf is the flow stress that is a function of the microstructure and

is impacted by the presence of inclusions or particles and mechanisms that increase

the dislocation density, σc is the local stress and p is the triaxial stress. σI is the

particle-matrix interface strength, which when surpassed can lead to the formation

of a void.

σf + σc + p ≥ σI (37)

It can be assumed that both homogeneous (voids originating at regions with high

dislocation density) and heterogeneous (voids nucleating in areas with inclusions,

precipitates or other discontinuities) void nucleation take place in these steels [98].

Thus, the primary heterogeneous void nucleation sites in HSLA 590 and DP 590

are the inclusions in the former and interfaces between martensite and ferrite in

the latter. As discussed earlier, DP 590 steels show stress/strain localization at the

interfaces. This localized stress corresponds to σc which would then be substantially

higher in DP 590 when compared to HSLA 590. Additionally, the presence of these

interfaces and martensite, in general, increases the overall dislocation density in DP

590 compared to HSLA 590, contributing to higher stresses that exceeds the threshold

for void nucleation in the former. The high area fraction of voids in HSLA 590, in

general, can be attributed to the contributions made by the higher stress triaxiality

factor p. DP 590 would also have a substantially higher amount of Geometrically

Necessary Dislocations (GNDs) due to the presence of martensite. As observed in

figure 5.2, DP 590 shows higher stresses post uniform elongation which is the regions
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that is concerned with the generation of the fracture surface. Thus, the component

of the flow stress concerned with the Goods and Brown model, σf for HSLA 590 is

lower compared to DP 590 at higher strains. A combination of higher flow stresses

and higher local stresses thus increase the tendency of DP 590 to cross the threshold

for void nucleation in higher areas compared to HSLA 590, leading to higher area

fractions of dimpled regions.

Since the threshold for void nucleation is crossed at lower strain rates, a further

increase in strain rate does not affect the area fraction of dimples and thus, they are

insensitive to strain rate.

Comparing the behavior of metals at high strain rates to that displayed at lower

temperatures is a common practice since both conditions usually show an increase

in strength and the tendency towards brittle fracture. At low temperatures partic-

ularly, steels display a ductile to brittle transition temperature (DBTT) which can

be expected at higher strain rates as well. Looking at the current response of HSLA

590 and DP 590 steels, it can be assumed that the strain rates discussed so far are

not of the magnitude to initiate brittle fracture in these steels. Or to continue the

analogy, the fractures observed are those that are above the DBTT. A more detailed

insight on this analogy for DP 590 and DP 980 NC steels will be provided later in

this section.

The fracture surfaces of DP 980 NC and USIBOR 1500 containing a substantial

amount of dimples indicated that the microstructure with a martensite matrix can

also display local plasticity by void nucleation. Continuing the explanation used for

DP 590 and HSLA 590, the stress required to generate voids in both DP 980 and

USIBOR 1500 can be attributed to a high σf stress in both these steels due to the

high dislocation density of martensite and in the case of DP 980 NC, the interfaces

between the phases can increase the localized stress as well. Upon quantifying the

area fractions of the dimples, it is seen that DP 980 NC contains only ∼ 35% of the
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Figure 5.10: Plot showing the area fraction of dimples in the four steels as function
of strain rate. DP 980 NC shows the highest sensitivity to strain rate.

area occupied by voids while USIBOR 1500 contains ∼ 65% of the area occupied by

dimples. Thus, at lower strain rates, the stresses required to form voids is exceeded

locally in fewer areas and as such the brittle mechanisms dominated in DP 980 NC.

Additionally, the long secondary cracks observed in DP 590 are also observed in DP

980 and are largely absent from USIBOR 1500. Thus, the presence of secondary cracks

formed a prominent fracture mechanism only in the steels with a continuous and

connected secondary phase. Observations also indicate that these secondary cracks
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are more prevalent in DP 980 NC steels when compared to DP 590, indicating that

the presence of higher amounts of martensite bands in the microstructure accentuates

this fracture mechanism in the DP steels. In addition to the secondary cracks, the

formation of shear like facets is also observed only in DP 980 NC. Thus, as the

matrix changes from ferritic to martensitic, the shear like fracture increases, indicating

that these features can be formed due to a connected network of martensite in the

microstructure.

Figure 5.10 shows the strain rate sensitivity of the area fraction of dimples in all

the four steels. Only DP 980 NC showed a sensitivity with strain rate. With an

increase in strain rate, the area fraction of voids increases. This can be explained

using Goods and Brown model [97] discussed before. With an increase in strain rate,

an increase in the flow stress is observed, which implies an increase in σf component.

Additionally, as the strain rate increases, the deformation becomes highly local and

the higher strain rates also show an increased post-uniform elongation indicating a

corresponding increase in the σc and p stresses. Thus, the threshold for the formation

of voids is crossed in multiple areas, leading to the high area fractions of dimples

observed. Interestingly, the area fraction plateaus at the higher rates which implies

that the threshold was reached and that the dependence of the component stresses

discussed earlier do not have a linear dependence to the logarithm of strain rate.

Another interesting observation is the heterogeneity of the fracture surface in DP 980

NC steels. This can be observed by looking at the error bars on the area fraction

of dimples which is averaged over all fields of view measured. The large error bars

indicate that there are some fields of view which are entirely dominated by brittle

mechanisms while other consisted only of dimples. This heterogeneity increases at

higher strain rates, also implying that the operative mechanisms are very local and

can change from one field of view to the other, or a distance of 100µm. Higher

heterogeneity is observed in the steels dominated by martensite matrix while DP 590
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and HSLA show a more homogeneous fracture response.

Continuing the analogy between high strain rate and temperature, the behavior

of DP 980 NC suggests that a more ductile behavior can be expected at lower tem-

peratures and that the the steel may need to be exposed to an even higher strain

rate to simulate the lower temperatures and resulting DBTT. The increase in local

and global plasticity at lower temperatures in DP steels has also been observed in

other studies [99]. Additionally, the elastic-plastic fracture toughness (JIC) of steels

has been observed to go through a minimum with a decrease in testing temperatures

[100].

A greater understanding on this difference between the strain rate sensitivities of

the fracture mechanisms of the two DP steels can be understood by subjecting them

to higher local strain rates and observing the fracture generated using spall tests.

5.1.5 Fracture response of DP steels under dynamic tensile (spall) failure

Plate impact tests conducted on DP 590 and DP 980 NC at 600m/s, exposed the

steels to strain rates of the order of 106/s. Although, the direction of loading was

different from that of the quasi-static and intermediate strain rates, the focus of the

following discussion is to understand the effect of very high local strain rates on the

fracture response of DP steels with varying volume fraction of martensite.

Just like the quasi-static and intermediate strain rate flow stresses, the spall

strength of DP 590 is also lower than DP 980 NC steel as shown in the previous

chapter. Figure 5.11 shows the spalled fracture surfaces of DP 590 and DP 980 NC

at low magnifications. Both steels show a largely brittle fracture. DP 980 NC, how-

ever, still shows a highly heterogeneous behavior indicating that different areas of

the fracture were subjected to different local fracture mechanisms. The presence of

large amounts of quasi-cleavage fracture in both the steels suggests that a transition

from ductile to brittle fracture occurs with a local increase in strain rates, which when
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comparing to deformations at low temperatures would indicate that these strain rates

simulate temperatures below the DBTT. An interesting observation is the presence

of higher area fraction of voids in DP 980 NC near the long horizontal bands, whereas

the fracture surface of DP 590 is almost entirely devoid of voids. This can be an effect

of lesser carbon being partitioned in martensite in DP 980 NC, leading to some plas-

ticity at these high strain rates. The plasticity in the martensitic phase is observed

in the incipient spalled sample showing local bending of the martensite bands (figure

4.36).

(a) (b)

Figure 5.11: Representative SEM images showing the spalled fracture surfaces of (a)
DP 590 and (b) DP 980 NC.

The recompression curves from the free velocity traces have been used by some

investigators to explain the differences in fracture being dominated by nucleation or

growth mechanisms [101, 67, 66]. Figure 5.12 shows the time and velocity adjusted

recompression curves of DP 590 and DP 980 NC. DP 590 shows a more distinct nucle-

ation region which is determined by the faster rise followed by slope change, leading

to the growth or coalescence stage. DP 980 NC, on the other hand, shows a faster

fracture compared to DP 590 after the slope change. This data does not particularly

align well with the area fractions of voids observed. One possible explanation could
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be that the free velocity trace is a point measurement and may be capturing a very

local event compared to the quantitative fractography which covers a larger area.
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Figure 5.12: Plot showing the time and velocity adjusted recompression curves of DP
590 and DP 980 NC. DP 590 shows a longer void nucleation region.

More information of the mechanisms of fracture and deformation can be obtained

by observing the fracture profiles and will be discussed next.
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Deformation response and fracture profile

The deformed microstructures and fracture profiles of DP 590 and DP 980 NC at

different strain rates depicted in chapter 4, section 4.4 are used to understand the

differences in the deformation behavior with increasing volume fraction of martensite.

As seen in figures 4.20 and 4.21, both steels consisted of voids originating due

to interfacial decohesion and martensite cracking, surrounded by heavily deformed

microstructures. The deformation of the individual phases in DP 590, measured by

obtaining the aspect ratios, provided information on the strain partitioning between

the two phases present. The aspect ratios in ferrite show a slight increase at higher

strain rates suggesting that a larger fraction of the strain is partitioned in it. However,

the aspect ratios of martensite also showed an increase from the undeformed state

and thus underwent plastic deformation. Similar behavior was observed qualitatively

in DP 980 NC steels in the form of elongated ferrite islands and harder phase bands.

Long cracks showing the cracking of martensite and subsequent interfacial de-

cohesion are observed in the fracture profiles of DP 980 NC at quasi-static strain

rates. The cracking of martensite, although seen in DP 590, was not seen to prop-

agate far down into the deformed microstructure as in DP 980 NC, figure 4.21 (b)

and (c). The presence of a ferrite matrix can lead to these cracks being arrested in

DP 590, whereas in DP 980 NC, a connected harder phase led to the propagation of

these cracks by interfacial decohesion. Thus, the presence of a connected martensitic

phase will propagate the crack, and coalesce the voids formed, promoting interfacial

decohesion.

Qualitatively, the fracture profiles of both DP 980 and 590 show a more deformed

ferrite and martensite phase at the highest strain rate. This aligns well with the

increased PUE observed in both the steels. The fracture profile of DP 590 is also

observed to be qualitatively rougher when compared to DP 980 NC, which comprised

of a few jagged valleys at ∼ 450. These differences can explain the high area fraction
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of dimples in DP 590 and the presence of shear like facets in DP 980 NC.

5.2 Effect of protective coating and decarburized layers

The addition of galvannealed coatings and decarburized layer alters the microstruc-

ture of DP 980 GAN and GAD from that of DP 980 NC. These changes result from

changes in both alloying chemistry and processing conditions. The discussions in this

section help understand if the addition of the galvannealed coating and decarburized

layers change the strain rate behavior and fracture response of these steels and if so,

are the changes observed beneficial under high strain rates, or not.

Although, the volume fraction of martensite (martensite, bainite, retained austen-

ite and carbides) remains the same in all the three DP 980 steels, there are differences

in both distribution and morphology of the same in the three steels. As shown chapter

4, section 4.1, the microstructure of DP 980 NC is comprised of a matrix of marten-

site with dispersed islands of ferrite. DP 980 GAN also comprises of a martensitic

matrix, however, the extent of banding of martensite was determined to be higher in

this steel. DP 980 GAD consisted of a co-continuous microstructure with martensite

dispersed, save a few connected bands observed in the center of the steel. Addition-

ally, the microstructure of the coated steels, i.e, DP 980 GAN and DP 980 GAD are

finer than DP 980 NC as observed qualitatively, and confirmed by the higher SV val-

ues. The interfaces between ferrite and martensite are also different in the uncoated

and galvannealed steels. These interfaces are smooth in NC, whereas in GAN, were

rough and jagged. While this observation is harder to make in the DP 980 GAD steel

due to highly dispersed harder phase, the regions in the center of the steel with a

connected harder phase showed a rougher interface similar to that of GAN steel.
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5.2.1 Effect on mechanical properties

Quasi-static strain rates

Figure 5.13 shows the quasi-static stress-strain response at 10−2/s. DP 980 GAN

and GAD show higher tensile strengths of the three steels, which can be attributed

partially to the presence of higher amounts of chromium and molybdenum in these

steels, both of which generally aid in increasing the tensile strength. This increase

in tensile strength may not have a significant contribution from the refinement of

the microstructure in the coated steels since the difference in DP 980 GAN and

GAD steels is negligible, even though GAD had a dispersed and finer microstructure.

Furthermore, the addition of the coating layers and the decarburized layer do not seem

to impact the final elongations significantly, indicating that the global elongation is

insensitive to these changes at quasi-static strain rates.

5.2.2 Strain rate sensitivity

Figure 5.14 shows the stress-strain response of the three DP 980 steels at the highest

strain rate of 2 ∗ 103/s. The difference in strength observed under quasi-static strain

rates is absent at the intermediate strain rates. Thus, DP 980 NC shows the maximum

increase in strength as a function of strain rate.

Figure 5.15 shows the UTS as a function of the logarithm of strain rate. The two

different regimes in the strain rate sensitivity discussed in the previous section for

the four steels can be observed in DP 980 GAN and GAD steels as well. However,

the increase in the UTS of GAN and GAD steels is lesser than that of NC. Thus,

the strain rate sensitivity is affected in GAN and GAD steels which consist of a

more composite structure. However, the addition of a softer decarburized layer and

a dispersed harder phase does not alter the strain rate sensitivity.

The differences in the sensitivities can be explained with the help of equation 36
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Figure 5.13: Quasi-static stress strain response of the three DP 980 grade steels. The
increase in strength can be attributed to a finer microstructure in the case of DP 980
GAN and GAD. This refinement did not affect the total elongation of the steels at
this strain rate.

in the previous section. Even in GAN and GAD, the thermal stress component of the

flow stress, σ∗ is less sensitive to the corresponding component in DP 980 NC. Thus,

∆σ∗
DP980NC > ∆σ∗

DP980GAN ,∆σ
∗
DP980GAD

The effect of the composite microstructures is more apparent when comparing the
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Figure 5.14: Intermediate stress strain response of the three DP 980 grade steels. No
difference is strength was observed at these strain rates, however, the elongation in
DP 980 NC was the highest.

total elongations at higher strain rates. Figure 5.16 shows the variation of the total

elongation of the three steels as a function of the logarithm of strain rate. While

DP 980 NC shows a significant increase in the final elongation, both DP 980 GAN

and GAD remain largely insensitive to strain rate. Thus, the increase in the total

elongation in DP 980 NC cannot be completely attributed to thermal softening due to

adiabatic heating since DP 980 GAN and GAD, with similar bulk heat capacities but
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Figure 5.15: Plot showing the variation of UTS with the logarithm of strain rate for
DP 980 NC, GAN and GAD. DP 980 NC shows the highest increase in strength as a
function of strain rate.

with a composite microstructure, do not show global plasticity, despite being exposed

to similar strain rates.

The uniform elongation and PUE behavior also showed a similar response in all

three steels up to the intermediate strain rates. Interestingly, at intermediate strain

rates, the uniform elongation increases for all three steels indicating a more uniform

deformation at the higher strain rates. Thus, irrespective of the initial microstructure,
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the plasticity and strain partitioning between the phases is improved at intermediate

strain rates for all three steels.

At intermediate strain rates the PUE behavior of DP 980 NC is distinctly different

and significantly larger compared to GAN and GAD steels. This indicates that the

deformation in NC is highly local when compared to GAN and GAD. Where previous

studies have indicated that the presence of an equiaxed harder phase or a tempered

harder phase can lead to an increase in the uniform elongation at quasi-static strain

rates,[3, 29], in the current study, these effects are not observed at high strain rates

when comparing DP 980 NC and GAD.

An important observation is that the presence of a softer decarburized layer does

not alter the behavior of coated steels significantly. Thus, the current study helps

to establish that the bendability of galvannealed DP 980 steels can be improved by

adding the decarburized layer without any adverse affects at high strain rates.

The differences in the strain rate sensitivity of the local deformation of these

steels can be better understood by observing the fracture surface and local operative

mechanisms and is discussed ahead.

5.2.3 Fracture surface response

The fracture surface response, which gives a more local operative mechanism shows

differences based on the distribution of martensite and change in strain rate. As

discussed in the previous chapter, the features observed in all three DP steels are

similar, but the extent of them varies.

The area fractions occupied by different features is expected to be dictated by the

local stress conditions and the mechanism that facilitates the local deformation under

the given stress and the time it is exposed to.

Figures 4.17, 4.18 and 4.19 show the area fractions of the different features as a

function of the logarithm of strain rate. While the formation of voids in the coated and
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Figure 5.16: Plot showing the variation of total elongation with the logarithm of
strain rate for DP 980 NC, GAN and GAD. DP 980 NC shows the highest increase in
elongation as a function of strain rate, while GAN and GAD remain largely insensitive.

uncoated steels shows differences in the strain rate sensitivity, the brittle mechanisms

(comprising of facets with and without secondary cracks) shows a similar strain rate

sensitive behavior.

As discussed in the previous section, the formation of voids is dictated by the

local stresses surpassing the interfacial strength to create voids, as per the Goods and

Brown model [97]. The brittle mechanisms, however, compete against each other as
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a function of strain rate, and the secondary cracks grow largely at the expense of

the facets at higher strain rates. Thus, the formation of facets is favorable under low

stresses and strain rates, where the material has more time to deform. As the strain

rate is increased and the time for fracture is significantly reduced, facets are replaced

by the formation of the secondary cracks. A hypothesis based on the stress required

to initiate the local mechanisms as a function of strain rate for each of the steels

based on the discussions above is presented ahead. In the following hypothesis, it has

been assumed that the interfacial strength and the cleavage strength are thresholds

and are not dependent on strain rate.

Fracture response of DP 980 NC

Figure 5.17 shows the hypothesis based on the Goods and Brown model [97] showing

the variation of each of the stress parameters with an increase in strain rate. In the

DP 980 NC steels, the total stresses reached at lower strain rates do not cross the

threshold required for nucleation of voids in a majority of the fracture surface. Thus,

the areas of void nucleation are bridged by the formation of facets under local shear.

As the strain rate increases, the dislocation density increases, leading to a local

increase in stress. Larger areas of the fracture surface now cross the threshold to

form voids and the area fraction of voids increase. The increase in local stresses is

concentrated where the dislocation density is higher, i.e., at the interfaces between

ferrite and martensite leading to decohesion voids. These voids, nucleated due to

interfacial decohesion, easily grow along the interface and eventually coalesce to form

secondary cracks. The formation of these secondary cracks is a faster mode of fracture

since it travels along an already strained interface and is thus preferable under higher

strain rates. With a combination of higher nucleation of voids, and less time for

fracture, the area fraction of facets is less preferred and is reduced. At higher strain

rates, DP 980 NC shows higher stress tri-axiality which also contributes to increasing
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Figure 5.17: Schematic of the hypothesis for the fracture and formation of fracture
surface features of DP 980 NC at different strain rates. The increase in the local stress
leads to the formation of higher area fraction of voids at higher strain rates. The lowest
strain rates are dominated by the presence of the facets while dimples dominate at
the higher strain rates. Thus, there is a change in the dominant operative fracture
mechanism with an increase in strain rate.

the local stresses, thus enabling a majority of the fracture surface to nucleates voids.

Additionally, the interfaces with high dislocation density and local stresses lead to

faster void formation in these areas followed by the rapid coalescence to form the

secondary cracks. Thus, the density of interfacial voids that form the secondary

cracks increases. Figure 5.18 shows a schematic of the nucleation of voids in different

regions as a function of strain rate in DP 980 NC steels.

Under Spall conditions, the local stresses finally reach a value which exceeds that

of microscopic cleavage. Since cleavage is a fast form of fracture, it is preferred under

the highest strain rates where the material has very little time to fracture. Although

a majority of the fracture surface is occupied by the quasi-cleavage features, some

areas also show nucleation of voids indicating that the stresses in these areas are not

considerably high such that nucleation of voids is preferred. Thus, to continue the
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Figure 5.18: Schematic of the void formation and coalescence in DP 980 NC at
different strain rates. At lower strain rates, the threshold for void nucleation is not
reached at multiple locations, while at higher strain rates, a large number of voids
are nucleated, especially along the interfaces.

analogy of low temperatures and high strain rates, the plate impact tests expose DP

980 NC to corresponding temperatures that are very close to DBTT.

Fracture response of DP 980 GAN

Unlike DP 980 NC, the fracture response of DP 980 GAN was not dictated entirely

by featureless facets at lower strain rates. Furthermore, the area fraction occupied
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by voids in the GAN steel was higher than that of NC at lower strain rates, and

was not sensitive to strain rate. The majority of the fracture surface in these steels

was occupied by the secondary cracks. Figure 5.19 shows the hypothesis for the

mechanism discussed.

Extending the methodology used to hypothesize the fracture mechanism of DP 980

NC, the contributions of the flow stresses (σf ) in GAN would be higher. Since these

steels also have different alloying chemistry and processing conditions, the interfacial

strength in the coated steels could be different from the NC steels. Further, since

GAN has a finer microstructure, the contribution of the local stresses (σc) at the

interfaces is also greatly increased. Thus, even at lower strain rates, the local stresses

are high enough to nucleate voids. Additionally, since the interfaces have a higher

dislocation density, and GAN steels possess a greater degree of martensite banding,

the interfacial decohesion voids form a majority of the nucleated voids and coalesce,

leading to a large part of the fracture surface being occupied by the secondary cracks.

Thus, fewer areas in the GAN steels are occupied by the featureless facets.

With an increase in the strain rate, the decohesion mechanism increases at the

expense of the faceted feature formation, similar to the NC steels. Figure 5.20 shows a

schematic of the different region in the microstructure where voids are nucleated in DP

980 GAN at varying strain rates. At higher strain rates, a large number of interfacial

decohesion voids lead to the formation of a large area occupied by secondary cracks.

Since, the area fraction of dimples remains largely unchanged, these cracks replace

the facets observed at lower strain rates.

The spall fracture of these steels shows a more dimpled appearance compared to

NC steels suggesting that locally the stresses are not high enough to propagate frac-

ture by cleavage. However, the high area fraction of bands suggests that interfacial

fracture still predominates at these strain rates. Thus, the equivalent DBTT temper-

ature in these steels is lower than NC steels and is not reached with the equivalent
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Figure 5.19: Schematic showing the fracture mechanism hypothesis for DP 980 GAN
at different strain rates. The presence of a higher degree of banding along with an
increase in the interfacial area leads to higher local stresses that increases the area
fraction of voids. The higher area fraction of secondary cracks in the fracture surface
is attributed to the higher degree of harder phase banding in these steels and increased
interfacial surface area.

strain rates of the order of 106/s.

Fracture response of DP 980 GAD

The microstructure of DP 980 GAD is different from that of DP 980 GAN and NC in

that martensite is largely equiaxed and it possesses a co-continuous microstructure.

With an increase in the interfacial surface area, the σc component of the Goods and

Brown model [97] also increases. As it is reasonable to assume that the interfacial

strength is similar in the GAN and GAD steels, larger areas in the GAD steel can

cross the stress threshold required to nucleate voids, thus explaining the high area

fraction of voids observed in the GAD steels at all strain rates.

With an increase in the strain rate, the local stresses around the interfaces increase,

similar to that of DP 980 NC and GAN. However, since martensite is more equiaxed in
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Figure 5.20: Schematic of the void formation and coalescence in DP 980 GAN at
different strain rates. At lower strain rates the threshold for void nucleation is not
reached at multiple locations, while at higher strain rates, a large number of voids
are nucleated, especially along the interfaces.

GAD, the nucleated voids are not arranged along the rolling direction like in NC and

GAN. This explanation is strengthened further with the observation of the presence

of the secondary cracks present largely only in the center of the GAD steel where

martensite is connected in the microstructure to form long bands. Figure 5.21 shows

the schematic of the void nucleation and coalescence in DP 980 GAD at varying strain

rates.

An interesting observation is the striking similarity in the spall behavior between
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Figure 5.21: Schematic showing the fracture mechanism for DP 980 GAD steels at
different strain rates. With a highly dispersed harder phase (compared to GAN),
the void initiation sites in GAD steels is increased, leading to the high area fraction
of dimples in this steel. The presence of secondary cracks and a connected harder
phase only in the center of steel also indicates that these cracks are formed due to
decohesion.

GAN and GAD steels. The GAD steels also show large areas occupied by voids indi-

cating that the local stress required to generate quasi-cleavage fracture in these steels

is also not reached. Figure 5.23 shows the velocity and time shifted recompression

curves of DP 980 NC and DP 980 GAD. The time for the nucleation of voids in DP

980 GAD is observably longer than DP 980 NC.

The appearance of a large area of these steels occupied by the long flat bands in

GAN, are observed in the GAD steels as well. One explanation for this is that the

spall plane in all the steels is along the central mid-plane of the thickness of the steel.

The GAD steels are observed to show a connected martensite along the central mid-

plane. This leads to an important conclusion, that when the fracture is preferentially

nucleated at the center of the steel where martensite contains maximum anisotropy,

the spall fracture nucleation is similar in the coated steels with and without a decar-
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Figure 5.22: Schematic of the void formation and coalescence in DP 980 GAD at
different strain rates. At lower strain rates the threshold for void nucleation is not
reached at multiple locations, while at higher strain rates, a large number of voids
are nucleated, especially along the interfaces.

burized layer. A high magnification image of the microstructure of DP 980 GAN and

GAD at center of the short-transverse direction (same plane as the fracture observed

under spall) also reveals the striking similarity in the microstructure.

5.2.4 Comparing fracture mechanisms

The discussions above show the contribution of the coating layer added to create a

composite structure and its effects on the local stresses and fracture mechanisms in

184



(Shifted)Time(µs)

(S
h
if
te

d
)F

re
e

S
u
rf

a
ce

V
e
lo

ci
ty

(m
/s

)

DP 980 NC

DP 980 GAD

Figure 5.23: Plot showing the time and velocity adjusted recompression curves of DP
980 NC and DP 980 GAD. DP 980 GAD shows a longer void nucleation region.

DP 980 grade steels. The formation of facets is favored under a more heterogeneous

local stress distribution and the formation of secondary cracks is due to interfacial

decohesion along the banded martensite. The estimated dimple sizes do not vary

with strain rate and are similar in all the DP steels investigated, indicating that the

fracture was driven more by nucleation than by growth. The constant dimple sizes as

a function of strain rate and an increase in interfacial decohesion fracture at higher

strain rates has also been observed by Das et al. [51].
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(a) (b)

Figure 5.24: High magnification SEM images from the center of the short transverse
direction of (a) GAN and (b) GAD steel.

The Goods and Brown model is largely used for materials with elastic particles

in a plastically deforming matrix. In the case of DP 980 steels, the matrix is that

of martensite which also deforms plastically, thus, the applicability of the model in

these steels is very limited. However, the use of the flow stress and local stresses in

the model make the comparison of different void nucleation mechanisms in the DP

980 steels easier.

Effect of volume fraction of martensite

In the HSLA 590 and DP 590 steels, the addition of the martensitic phase increased

the post uniform elongation flow stress and local stresses such that the area fraction

of dimpled regions in DP 590 was higher. Additionally, the area fraction of dimpled

regions were also insensitive to strain rate.

With a further increase in the volume fraction of martensite and the presence of

a martensitic matrix, such as DP 980 NC, inhibits the formation of voids at lower

strain rates, or in other words, the threshold required for void nucleation in DP 980

NC is higher compared to DP 590 with a predominantly ferritic matrix. Thus, for

DP 980 NC steels, the increase in strain rate and subsequent increase in flow stress,
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then crosses the threshold required for void nucleation and results in the increase in

area fraction of dimpled regions at higher strain rates.

There are also differences in the brittle mechanisms where the DP 590 steels with

a ferritic matrix, show fewer secondary cracks compared to DP 980 NC, since there

are fewer ferrite-martensite interfaces in these steels.

Addition of surface layers

With the addition of surface galvannealed and decarburized layers, the subsequent

microstructure is also altered, such that DP 980 GAN steels with a higher degree of

total interfacial area and anisotropy of martensitic phase and DP 980 GAD with a

more dispersed martensitic phase with some connectivity in the center of the steel,

show different fracture surface response.

Both GAN and GAD steels surpassed the threshold stress required for void nucle-

ation at lower strain rates. Since the threshold stresses were higher than the interfacial

strength for void nucleation even at lower strain rates, the area fractions of dimples

were higher that the NC steel and was also insensitive to strain rate.

Additionally, GAN steels with higher anisotropy of martensite also shows higher

secondary cracks since the voids are preferentially nucleated at the interface and

coalesce along it to form the cracks. GAD steels with a dispersed martensite phase,

have a lower extent of secondary crack formation.

To gain a deeper understanding of the presence of these secondary cracks, the

fracture surface of the GAN steel at 1/s strain rate, showing a high number density

of secondary cracks, was polished such that the fracture features and the underlying

microstructure could be observed simultaneously. The polished surfaces showed that

the secondary cracks were caused by interface decohesion and void formation along

the interfaces. Figure 5.25 shows the partial fractography images of GAN steel.
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(a) (b)

(c) (d) (e)

Figure 5.25: (a) Low magnification SEM image of the fracture surface before and after the partial polishing to reveal the deformed
microstructure that participated in the fracture, (b) formation of a secondary crack by the linking of voids and decohesion of the
ferrite and harder phase, (c) image showing the blunting of a cracks by a large harder phase island and interfacial decohesion
along a long crack, (d) and (e) high magnification images of the microstructure consisting of the secondary cracks showing
interfacial decohesion between the ferrite and harder phase.
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When observing the fracture profiles and deformed microstructure, long cracks

from cracking of martensite and subsequent decohesion are observed in DP 980 NC

at lower strain rates. The macroscopic fracture profiles at these strain rates also

contain flatter regions at ∼ 450 angles indicating fracture by local shear. At higher

strain rates, a qualitative increase in the plasticity of martensite was observed.

The fracture profile of GAN steels shows considerable plasticity of martensite

as indicated by deflection of cracks leading to the formation of a fissure as seen in

figure 4.22. Additionally, both DP 980 NC and GAN shows elongated voids near the

fracture formed due to interfacial decohesion. On the contrary, most voids observed

in DP 980 GAD are circular and may not have not been elongated largely due the

blunting effect of a co-continuous ferrite structure in these steels.

5.3 Effect of geometry on the stress-strain and fracture response

The background and experimental work chapters capture the need for different ge-

ometries during dynamic testing and the different geometries used in the current

work for the various DP steels. The effect of geometry in the current work has been

elucidated by testing DP 590 and using JIS and miniature geometries, as discussed

before. This was done to capture the differences in the mechanical properties and

deformation and fracture response of the two different geometries. Figure 5.17 shows

the stress-strain response of the JIS and miniature geometry at two strain rates.

Table 5.1 shows the measured mechanical properties of the two geometries at

the slowest and fastest strain rate the JIS specimens could be tested under, 10−4/s

and 1/s respectively. As expected, the yield and ultimate tensile strengths do not

show a strong dependence on geometry. However, the final elongation, as expected,

is observed to be sensitive to the gage length. The miniature geometry with gage

length just 5% of the JIS geometry gage length displayed forced elongation and, thus,

a much higher elongation compared to the JIS geometry. An interesting result is
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Figure 5.26: Stress-Strain response of the JIS and miniature tensile geometry at strain
rates of 10−4/s and 1/s. The effect of forced elongated on the miniature samples is
observed clearly at both strain rates.

the difference in the uniform strain values, which indicates that the geometry also

impacts the advent of stress tri-axiality in the sample, and thus, controls the uniform

strain and in turn the global deformation.

The difference in the deformation was captured by computing the aspect ratio

of the ferrite and martensite phases in both the geometries at increasing distances

from the fractured edge. Table 5.2 shows the aspect ratios of ferrite and martensite
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Table 5.1: Comparing mechanical properties of JIS and Miniature geometries

Property JIS Geometry Miniature Geometry

Strain rate 0.0001/s 1/s 0.0001/s 1/s

Ultimate Tensile Strength (MPa) 642 674 657 657

Yield Stress (MPa) 400 438 350 370

Total elongation (%) 29 31 44 48

Uniform elongation (%) 20 25 13 18

Table 5.2: Comparing aspect ratios of ferrite and martensite in the JIS and Miniature
geometries

Geometry Type JIS geometry Miniature geometry

Strain rate 0.0001/s 1/s 0.0001/s 1/s

Near Fracture 2.3 2.7 3.9 4.3
Aspect ratio

of ferrite
In uniformly

deformed region
1.6 2.8 2.8 3.5

Near Fracture 1.7 1.7 2.4 1.7
Aspect Ratio

of martensite
In uniformly

deformed region
1.6 1.8 1.9 2

of the two geometries. The forced elongation in the miniature geometry explains

the increased aspect ratios of ferrite and martensite at all strain rates compared to

the JIS geometry. Additionally, a lower aspect ratio of ferrite and martensite in the

uniformly deformed regions of the JIS specimens may also explain the higher uniform

elongation values. Thus, from these observations, the geometry does seem to affect

the global deformation of DP 590 steels. The local fracture mechanism, however, did

not seem to be largely affected at the strain rates observed, since the area fraction of

dimpled regions remained similar in both the geometries. These observations highlight

the importance of maintaining a uniform geometry for a holistic comparison of the

mechanical and deformation response of materials as a function of strain rate.
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CHAPTER 6

CONCLUSIONS AND PROPOSED FUTURE WORK

This study focused on obtaining the strain rate dependence of the mechanical proper-

ties and fracture response of four commercial Dual Phase steels. The objective of this

work was to determine microstructure driven fracture mechanisms of the DP steels

by employing quantitative fractography. Quasi-static and dynamic strain rate tensile

tests were performed on all steels. Plate impact tests to determine the dynamic ten-

sile spall strength were conducted to investigate the fracture mechanisms at strain

rates of 106/s.

6.1 Research Outcomes

Microstructure characterization

Stereology based quantitative characterization was performed on all four DP steels

to determine the volume fraction, connectivity and distribution of the ferrite and

martensite. DP 590 comprised of a ferritic matrix with ∼ 29% martensite in the form

of dispersed islands located along the ferrite grain boundaries and triple points. Some

connectivity of the martensite phase was observed in the form of bands. All three DP

980 grade steels contained ∼ 70% martensite. While martensite formed the matrix

of DP 980 NC and GAN, DP 980 GAD possessed a co-continuous microstructure

with dispersed martensite islands which showed connectivity only in the center of the

steel’s thickness. DP 980 GAN had a higher degree of martensite banding compared

to DP 980 NC.

The decarburized layer thickness in DP 980 GAD was determined by obtaining

the hardness using micro-hardness indents from the surface to the center of the steel.
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The interfacial surface area per unit volume was determined to be a better parameter

for validating the decarburized layer thickness as opposed to the volume fraction of

martensite.

Mechanical properties at quasi-static and intermediate strain rates

The four DP steels were tested under strain rates spanning twelve orders of magni-

tude. All DP 980 grade steels with a higher volume fraction of martensite showed

a higher strength and lower total elongation when compared to DP 590 steel. The

role of alloying chemistry and processing was responsible for the slight increase in the

strength of DP 980 GAN and GAD at quasi-static strain rates compared to DP 980

NC. No differences in the total elongation were observed at low strain rates.

All four steels showed positive strain rate sensitivity with higher stresses at higher

strain rates. The extent of this increase however was different. The strain rate

sensitivity of DP 590, predominantly comprised of ferrite, was higher than DP 980

NC. The total elongations did not show a distinct trend, however the elongation

of both DP 590 and DP 980 NC was higher at intermediate strain rates. With

the addition of the coating layers, the strain rate sensitivity of the 980 grade steels

reduced in both strength and total elongation. At intermediate strain rates, there

was no substantial difference in the strength of the steels, however, DP 980 NC was

the only steel which showed an increase in total elongation. The total elongation of

DP 980 GAN and GAD was insensitive to strain rate. Thus, under crash conditions,

DP 980 NC is expected to show a better mechanical response when compared to the

coated counterparts. The addition of the decarburized layer did not alter the strain

rate sensitivity of the mechanical properties in the coated steels.
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Fracture response at quasi-static and intermediate strain rates

The fracture surface of all the steels showed a largely ductile dimple response. Similar

fracture features were observed in all DP steels, however the area fractions differed

as a function of the underlying microstructure. The fracture surface of DP 590 com-

prised of dimples predominantly, and its area fraction was insensitive to strain rate.

The brittle features were essentially long secondary cracks arising primarily due to

interfacial decohesion. With an increase in the volume fraction of martensite (DP 980

Steels), a second brittle feature in the form of featureless facets with a few asymmetric

dimples was observed. While all DP 980 steels showed a strain rate sensitivity of the

brittle features, only DP 980 NC showed a strain rate sensitivity of the area fraction

of dimples. The area fraction of dimples doubled from the lowest to intermediate

strain rates in DP 980 NC. The brittle features competed against each other, with

facets being preferred at lower strain rates and secondary cracks preferred at higher

strain rates.

Plate Impact tests- Spall

Complete spallation of DP 590 and all three DP 980 steels was obtained at an impact

velocity of 600m/s. DP 980 NC had the highest HEL and spall strength followed by

DP 980 GAD and then DP 590. All three steels showed a change in the recompres-

sion curve indicating a shift from the void nucleation to the void and growth and

coalescence regime.

Post-mortem fractography showed DP 590 to possess a completely brittle fracture

along with a few long flat bands. DP 980 NC showed a highly heterogeneous fracture

surface with quasi-cleavage features and long bands surrounded by dimples. The spall

fracture surfaces of DP 980 GAN and GAD were very similar and comprised largely of

the long flat bands surrounded by ductile dimples. Overall, the spall fracture surfaces

of the DP 980 GAN and GAD steels were more ductile compared to DP 980 NC and
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DP 590.

Fracture mechanism hypotheses

A fracture mechanism hypotheses based on the Goods and Brown model is suggested

to explain the area fraction of the features observed in the different DP steels at

increasing strain rates. The model is used to estimate the differences in the local

stresses leading to the threshold required for void formation in the steels.

The hypotheses help explain the strain rate sensitivity of different local stresses

as a function of the underlying microstructure, leading to the formation of varying

amounts of dimples in the different steels as a function of strain rate.

The formation of secondary cracks is attributed to interfacial decohesion between

the ferrite and martensite phases. The decohesion is seen to be maximum in DP 980

GAN steels with the highest degree of martensite banding in the microstructure. The

partial fractography conducted on DP 980 GAN confirms this observation.

Effect of sample geometry

DP 590 was subjected to tensile tests using two sample geometries, one was a standard

JIS geometry and the other was a miniature tensile geometry compatible with the

intermediate strain rate tests conducted using the Hopkinson bar.

Although no substantial differences in the UTS was observed, the total elongation

was significantly higher in the miniature samples, due to forced elongation that occurs

at smaller gage lengths. The post-uniform elongation occupied a larger part of the

total strain in the miniature samples, showing that the sample geometry also affects

the global plasticity and neck formation in these steels.

Finally, differences observed in the aspect ratios of ferrite and martensite in the JIS

and miniature geometries at the same strain rates indicated that the local deformation

and strain partitioning mechanisms are also impacted by the sample geometry.
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Thus, the current study helps illustrate the importance of using similar geometries

when comparing mechanical properties across strain rates to capture a geometry

independent material behavior.

6.2 Recommendations for future work

The current study aimed to provide a comprehensive assessment of the quasi-static

and dynamic mechanical properties and the operative fracture mechanisms of four

commercial DP steels. Further studies to expand the data-set of DP 980 GAN and

GAD steels at lower strain rates can help shed light on some of the behavior observed

in NC steels and aid in improving the current hypothesis as to the origin of featureless

facets.

Subsequent studies focusing on interrupted tensile tests at different strain rates

can help explain and capture some of the void nucleation mechanisms in the steels. A

stereological approach to quantifying the strain partitioned in the ferrite and marten-

site phases in the DP 980 grade steels will help shed more light on the local defor-

mation mechanisms of these steels and how the processing conditions influence the

local damage mechanisms. Incipient spall tests on all steels under similar conditions

will be helpful in comparing the plasticity of martensite as a function of the carbon

partitioned in it and the differences arising from the processing conditions the steels

are exposed to.

Further, a microstructure based simulation of the tests performed experimentally

in this study will help establish the influence of the behavior of individual phases and

their distribution on the strain rate sensitivity of the damage and failure nucleation

and growth.

Finally,the approach and hypotheses developed in the current study need to be

tested and extended to other DP steel grades without coatings, and with coatings

other than galvannealed, and gradient microstructures and also to multi- and complex
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phase steels to test the robustness of the results obtained in the study.
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APPENDIX A

EFFECT OF GALVANNEALED AND DECARBURIZED LAYERS

To establish the influence of the coating layers and decarburized layers on the me-

chanical properties and fracture response of DP GAN and GAD steels, the steels were

tested under different strain rates after removing these layers.

Both DP 980 GAN and GAD were carefully ground to remove the surface layers.

About 50µm of material was removed from either side the DP 980 GAN steel and

about 100µm was removed from either side of the GAD steels to ensure that both

the coating and decarburized coating layers were removed.

Figure shows the stress-strain response of the GAN and GAD steels after the

coating was removed.No substantial effect on the strength and total elongation was

observed at these strain rates, indicating that the behavior is independent of the

composite structure at these strain rates.

The fracture response of the samples with the coating removed also did not show

any difference in the area fraction of features observed in the central one-third of the

samples. However, upon observing the edge of the fracture of the as-received DP

980 GAD steel and the edge after removing the coating and decarburized layer, a

difference in the fracture features was observed. Figure A.2 shows the fracture edge

of (a) as-received steel and (b) after removing the coating and decarburized layers.

The red box denoted the fracture expected to be caused by the decarburized layer.

199



(a)

0 5 10 15 20 25

Strain (%)

0

200

400

600

800

1000

1200
S
tr

e
ss

(M
P
a)

DP 980 GAN

10−4/s − asreceived

100/s − asreceived

10−4/s − coatingremoved

100/s − coatingremoved

(b)

0 5 10 15 20 25

Strain (%)

0

200

400

600

800

1000

1200

S
tr

e
ss

(M
P
a)

DP 980 GAD

10−4/s − asreceived

100/s − asreceived

10−4/s − coatingremoved

100/s − coatingremoved

Figure A.1: Schematic showing the fracture mechanism for DP 980 GAD steels at
different strain rates. With a highly dispersed harder phase (compared to GAN),
the void initiation sites in GAD steels is increased leading to the high area fraction
of dimples in this steel. The presence of secondary cracks and a connected harder
phase only in the center of steel also indicates that these cracks are formed due to
decohesion.

(a) (b)

Figure A.2: Schematic of the void formation and coalescence in DP 980 GAD at
different strain rates. At lower strain rates the threshold for void nucleation is not
reached at multiple locations, while at higher strain rates,a large number of voids are
nucleated, especially along the interfaces.
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APPENDIX B

PLATE-IMPACT TEST CONFIGURATIONS

The table below lists the samples used in each plate-impact test and the configuration

for each test.

Expt # vimpact(m/s) Sample Measurement Experiment Type

1803 600 m/s

DP 980 NC-A VISAR

Complete SpallDP 980 NC-B Recovery

DP 980 NC -C Recovery

1807 300m/s

DP 980 NC-D VISAR

Incipient SpallDP 980 NC- E Recovery

DP 980 NC-F Recovery

1910 600m/s

DP 980 GAD-A VISAR

Complete SpallDP 980 GAD-B Recovery

DP 980 GAN-A Recovery

1911 600m/s

DP 590 -A VISAR

Complete SpallDP 590-B Recovery

DP 980 GAN-B Recovery
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