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Abstract

This study employs a correlative methodology, utilizing nanoindentation and electron
microscopy, to understand the microstructure and local mechanical properties of Advanced
High Strength Steels (AHSS). These steels consist of a ferrite matrix combined with a
reinforcing secondary constituent such as pearlite, bainite, or martensite. The initial
microstructure is obtained by hot rolling above the austenite non-recrystallization temperature
(TnR) and subsequent coiling at various transformation temperatures. This process resulted in
microstructures comprising of ferrite combined with pearlite, bainite, and martensite, while
maintaining a similar nominal carbon content. Subsequent processing, including cold rolling
and annealing in the recrystallization and intercritical regimes, was employed to study the
microstructural and mechanical property evolution. Local mechanical properties were
assessed using high-speed nanoindentation mapping. Hardness data was deconvoluted using a
clustering algorithm to determine the hardness of individual constituents. , Excellent
agreement between microstructure and hardness at the micrometer length scale was observed
in all cases. Despite identical nominal compositions, the three distinct dual-phase initial
microstructures exhibited differences in the area fraction and hardness of ferrite and
secondary constituents. Similar trend was observed after subsequent thermomechanical
processing, such as cold rolling, recrystallization, and intercritical annealing, the
experimental observations were reconciled based on processing conditions and the length
scale of the microstructure and potential underlying mechanisms are presented. This study
showcases the capability of nanoindentation mapping to capture local variations in hardness
at the length scale encountered in DP steels, opening avenues for correlative characterization

and the development of next-generation AHSS and multiphase steels.



Chapter 1 Introduction

Throughout history, automotive manufacturers globally have opted to utilize steel as their
predominant material. The body weight of the average car is made up of about 70% steel. The
evolution of dual-phase steel, possessing a combination of strength, lightweight, and
formability, has profoundly transformed the automotive sector across a range of applications
[1-3]. Its special characteristics aid in improving fuel economy, crashworthiness, and
manufacturing procedures that are affordable[4,5]. Currently the steel industry’s focus is on
third generation AHSS, which have a complex microstructure consisting of different phases
such as retained austenite, bainite, ferrite, and martensite. Dual phase steel is still a key
component for satisfying these changing expectations as the automotive industry works to
improve safety, effectiveness, and sustainability. To increase passenger safety and vehicle
performance, vehicle weight reduction is currently the top objective for the automobile
industry[3-5]. High strength steels and the Advanced High strength steels offer a
persuasively plausible solution to the aforementioned conflicting needs by putting forth the

idea of lightweight design.

1.1 High strength and advanced high strength steels:

Steels that have a tensile strength of more than 550 MPa are generally considered to be high
strength steels. In order to improve their strength, they are produced utilising specific
alloying and heat treatment methods. High strength steels are more durable, deformation
resistant, and capable of bearing more weight than conventional steels. The development of
AHSS grades has a specific goal of offering materials with outstanding mechanical
characteristics, such as high tensile strength, excellent ductility, increased energy absorption
during deformation, and exceptional resistance to fracture and fatigue. The use of lightweight

materials with superior crash performance is essential for both the safety and fuel efficiency



of automobiles, and AHSS is an ideal material for this application because of its specific
combination of properties. Fig. 1-1 below illustrates the relationship between strength and
elongation to fracture for diverse steels. Advanced High-Strength Steels exhibit varying
strength and elongation properties based on different steel grades to cater to multiple

applications.
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Figure 1-1: Tensile strength-to-total elongation relationships for low strength, HSS, and

AHSS steels [6].

1.2 HSS and AHSS usage in Future steel vehicles (FSV):

The Future Steel Vehicle (FSV) project, led by WorldAutoSteel and Edag Inc, aims to
develop and promote new high-strength steels for lightweight design in electric and
conventional vehicles, continuing the evolution of steel in the automotive industry[7]. Fig. 1-
2 depicts the utilization of diverse steel grades in fabrication of the car body components
within the automotive industry. In the automotive industry, the use of steel is expected to

continue in the future due to its numerous advantages, such as strength, durability, and cost-



effectiveness. However, advancements in steel technology are likely to lead to the
development of new types of steel and manufacturing processes[2,8]. AHSS is already being
used in modern vehicles, offering improved strength and reduced weight compared to
traditional steel. The future will likely see further development of AHSS grades, allowing
automakers to create lighter and more fuel-efficient vehicles while maintaining structural
integrity and safety. Ultra HSS is an even stronger and lighter type of steel that is currently
being researched and developed. It has the potential to be used in critical areas of vehicles,

such as crash zones, to enhance safety without adding significant weight.
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Figure 1-2: Different grades of steels in automotive body[3].

1.3 Thermomechanical processing of HSS/AHSS

TMCP (thermomechanical control processing) is essential in the production of high strength
steels and advanced high strength steels [5,9], It combines heat treatment and the mechanical

deformation to tailor the microstructure and the mechanical properties of steel. TMCP allows
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for specific control of grain size, phase distribution, and mechanical strength. The
thermomechanical processing of HSS and AHSS typically involves hot rolling, cooling,
coiling, cold rolling and annealing, including inter-critical annealing. All these processes will
be investigated in the present study for a specific composition. Fig. 1-3 shows a schematic of

these thermomechanical processing steps with specific reference to this work.
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Figure 1-3: Schematic of thermomechanical processing of AHSS used in this work.

The steel slab is reheated to homogenize the material. The presence of microalloying
components and the chemical composition affect the reheating temperature and time. This is
followed by hot rolling, which involves heating the steel above the temperature of
recrystallization in order to reduce its thickness. During hot rolling, the steel's initial
microstructure develops. After hot rolling, the steel goes through a controlled rapid cooling
procedure. Among the methods that can be utilised to speed up cooling include air cooling,
direct water spray, and water quenching. The cooling rate and cooling mediums are carefully
regulated to produce an appropriate microstructure. Coiling is the intermediate step during

cooling where the desired microstructures are produced and avoid the development of



undesired phases at different temperatures and varying cooling rates. After coiling, cold
rolling is done to further decrease the thickness and enhance its surface finish. Additionally,
cold rolling increases the material's strength via strain hardening. Subsequently annealing is
carried out, which causes other significant structural changes in the microstructure as a result

of phenomena like recovery, recrystallization, phase transformation and tempering.

In terms of microstructural changes, during heating of dual phase steels, depending on the

initial microstructure several changes can occur, such as cementite spheroidization, bainite

and martensite tempering / decomposition, ferrite recovery and recrystallization etc [10-12].
The rate of heating, chemical composition, and the amount of cold rolling all play an
important role in determining this. Furthermore, during intercritical annealing multiple
phenomena such as ferrite recrystallization (), carbide dissolution, austenite (y) nucleation
and growth, etc. can concurrently occur. The degree of austenite nucleation depends on the
temperature during the phase change, the soaking period, and its chemical composition.
Finally, upon rapid cooling, the austenite transforms and forms martensite, ferrite
recrystallizes and forms the ferrite-martensite dual phase structure. After formation of dual
phase structure with ferrite as matrix and the second phase as martensite, tempering can be

carried out to improve the ductility.

Most studies on industrial-grade high-strength steel or low-carbon steel have focussed on the
processing, chemical composition, and competition between ferrite recrystallization and
austenite transformation in intercritical annealing regime [13-15]. A systematic
comprehensive study of different thermomechanical processing steps is yet to be reported.
Such a study will contribute to a holistic interpretation of all the micro-structural changes

during processing of advanced high strength steels.



1.4 Motivation

Most AHSS are dual or multi-phase steels and there is a continuous ongoing effort globally to
modify the processing to obtain the desired microstructure and thereby the properties.
Establishing the inter-relationship between the processing, microstructural and mechanical
characteristics of the distinct constituents of these AHSS, then becomes the key to developing
AHSS with the desired mechanical properties. In this regard, close coupling of microstructure
and mechanical properties at the micrometer length is critically required. Hence, a
comprehensive study of the microstructure and local mechanical properties of dual phase
steels during various processing steps such as hot rolling, coiling, cold rolling and annealing
is carried out to establish the much-needed relationship between processing, microstructure

and property at the micrometer length scale.

1.5 Thesis objectives

The main objective of the thesis is to assess the correlation between microstructural and
mechanical properties at the micrometer length scale during each stage of thermomechanical
processing, including hot rolling, coiling, cold rolling, recrystallization annealing, and
intercritical annealing. Three distinct microstructures, ferrite-pearlite (FP), ferrite-bainite
(FB), and ferrite-martensite (FM) with a fixed carbon content but different distribution of
carbon and thereby the strengthening phase are developed by varying the hot rolling and
coiling conditions followed by cold rolling and annealing. The different samples thus
obtained exhibit different secondary constituents, morphologies, etc. However, how the
various processing steps influence the microstructure and its subsequent effect on local
mechanical properties is not well investigated. These aspects thus form the basis for framing

the following objectives.



1. Obtain dual phase microstructures with different matrix and secondary
phases/constituents (ferrite-pearlite, ferrite-bainite and ferrite-martensite) at a fixed

nominal composition.

2. Thermomechanical processing of the different samples via cold rolling,

recrystallization annealing and intercritical annealing

3. Microstructural characterization using SEM and EBSD and mechanical

characterization using high speed nanoindentation mapping.

4. Deconvolution of the high speed nanoindentation mapping data and coupling with

microstructural data

5. Establishing the relationship between the micro-structure and the mechanical property
at micron scale during all the stages of processing including hot rolling followed by

coiling, cold rolling, recrystallization annealing and intercritical annealing.

1.6 Outline of thesis

This thesis is divided into eight chapters that cover a variety of topics related to the research

conducted throughout the tenure of the PhD work.

Chapter 1: This chapter presents an introduction and background to the current thesis.

Chapter 2: This chapter presents a literature review on major process parameters and their
effects during thermomechanical processing steps such as hot rolling and coiling, cold

rolling, recrystallization annealing and intercritical annealing.

Chapter 3: This chapter provides details of the AHSS steel grade chosen with the chemical

compositions and thermomechanical processing histories for all the steps. Details of



experimental setup, microstructural and mechanical characterization methods, and sample
preparation required for microstructural analysis are all provided. Also, the details of post-

processing procedures for analysing the experimental data are presented.

Chapter 4: This chapter discusses the development of the microstructures at different coiling
temperatures after hot rolling and its effect on morphology and mechanical property of each
individual phases. Assessment of the relationship between microstructure and mechanical
property at micrometer length scale studied by high speed nanoindentation and electron

microscopy is presented.

Chapter 5: This chapter discusses the effect of cold rolling to 60% and 80% after hot rolling
and coiling for the different dual phase microstructures. The variation in mechanical
properties of individual constituents with cold rolling is presented along with correlations

with microstructure.

Chapter 6: This chapter presents the microstructural changes and corresponding mechanical
properties of ferrite and secondary constituents such as pearlite, bainite and martensite upon
annealing treatment at 725°C. The effect of second phase constituents on the recrystallization

kinetics and the underlying mechanisms are presented.

Chapter 7: This chapter presents the microstructural changes and corresponding mechanical
property during intercritical annealing treatment at 770°C as a function of soaking time. The
effect of secondary phase constituents on the austenite to martensite transformation kinetics

and the underlying mechanisms are presented.

Chapter 8: This chapter presents the summary of the thesis and an overall assessment of the

structure-property correlations during each stage of thermomechanical processing of AHSS.
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Chapter 2 Literature Review

This chapter provides a concise overview of the fundamental micro mechanisms operating during
thermomechanical processing, specifically during hot rolling and coiling, as well as cold rolling and
annealing, with a primary emphasis on recrystallization and phase transformation pertinent to the
thesis. The microstructure evolves during hot rolling and coiling at various temperatures and cooling
rates. Subsequently, cold rolling imparts significant deformation that acts as the driving force for

recrystallization and transformation. These processes are invariably intertwined.

DP sheet steels can be manufactured through various processing routes. In the traditional approach,
these steels are produced via intercritical annealing, wherein the material is heated to the o + y regime.
Subsequent to this, a rapid cooling or quenching process ensues, yielding a matrix predominantly
composed of soft ferrite interspersed with hard martensite particles[1]. The elevated cooling rate in

this approach necessitates reduced quantities of alloying elements[2].

Thermomechanical controlled processing (TMCP) mentioned above, is employed to attain the
targeted mechanical properties in the final steel sheet, encompassing a favorable blend of strength,

fracture toughness, and weldability [3].

2.1 Hot rolling and coiling:

Hot rolling and coiling are essential processes in the manufacturing of metal products, particularly in
the production of steel. These processes are part of thermomechanical processing, which involves
shaping the metal at elevated temperatures to improve its mechanical properties and final product
characteristics. The integration of hot rolling and coiling plays a vital role in the fabrication of diverse
steel items, such as sheets, plates, and coils, enhancing their mechanical attributes and dimensional
features. The stored energy resulting from deformation during hot rolling is typically reduced through
three mechanisms: recovery, recrystallization, and grain growth [4]. Recovery and recrystallization
may occur both during and after deformation, with the former is termed dynamic and the latter termed
static to differentiate between them [5]. Many researchers have specifically looked into hot rolling

temperature and coiling temperature as detailed here.
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2.1.1 Effect of hot rolling temperature:

Compared to conventional micro-alloyed steels, AHSS are multi-phase steels, which usually contain a
mix of different microstructural constituents, such as ferrite, martensite, bainite and retained
austenite[6]. This microstructure enables high yield and tensile strength[7]. The hot rolling
temperature has a significant impact on the development of microstructures and the mechanical
properties of these material as reported by Zhuang et. al. [7]. In dual phase steel processing,
accurately identifying critical temperatures, including the non-recrystallization temperature (TNR),
holds significant importance, especially within the domain of hot rolling processes. Hot rolling, a
pivotal manufacturing technique for shaping metals, involves the passage of metal through a sequence
of rollers at elevated temperatures. The non-recrystallization temperature (TNR) denotes the threshold
temperature beneath which recrystallization does not occur during the hot rolling procedure.
Recrystallization is characterized by the replacement of deformed grains in the metal with new, strain-
free grains, thereby enhancing mechanical properties. Sub-TNR temperatures induce plastic
deformation in the metal without substantial grain rearrangement or recrystallization compared to the
ones rolled above TNR. This holds paramount significance in preserving specific mechanical
attributes and attaining desired microstructures in the ultimate product. By staying below, the TNR
during certain stages of hot rolling, manufacturers can prevent premature recrystallization. This is
important when a specific level of strain hardening or specific mechanical properties need to be

retained in the final product.

Similar to the DP steels, the microstructure of multiphase TRIP steels is also influenced by finishing
rolling temperatures and reduction, resulting in the formation of polygonal ferrite, granular bainite,
and a higher quantity of stabilized retained austenite, The enhancement of mechanical properties [8] is
observed with a decrease in finishing rolling temperature and an increase in deformation. This
phenomenon stabilizes retained austenite, attributed to refined particle size, elevated dislocation
density, and increased carbon enrichment. Furthermore, the strain-induced transformation from
retained austenite to martensite occurs gradually during tensile testing when the steel undergoes

deformation. The below Fig. 2-1 represents the microstructural changes occurring during the hot
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rolling process. Recovery is characterized by a modest degree of softening compared to
recrystallization, which entails the initiation of new, strain-free grains at grain boundaries[9]. Under
conditions of elevated temperatures and low strain rates, as encountered in the roughing mill and

initial passes of the finishing mill, dynamic recrystallization may occur during the rolling of steels[9].
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Figure 2-1: Schematic illustration of microstructural alterations taking place during hot rolling[9].

2.1.2 Effect of coiling temperature:

The microstructure and mechanical characteristics of dual phase steels are significantly impacted by
the coiling temperature[9]. In low carbon steel at higher coiling temperature, ferrite matrix with the
combination of second phase as pearlite is formed, whereas at lower coiling temperature the formation
of bainite and martensite takes place[10]. Along with coiling temperature, the cooling rates [11] also
have an effect on the microstructure. At low cooling rate coarse grains ate formed, whereas at higher
cooling rate grain refinement occurs i.e., fine distribution of second phase in the material. Yang Zhao
et. al., [12] reported that coiling at lower temperatures results in a microstructure characterized by
elongated ferrite grains. Conversely, coiling at elevated temperatures can induce the formation of
polygonal ferrite, leading to reduced yield strength and ultimate tensile strength. As the coiling
temperature decreases, the predominant mechanism of strengthening transitions from precipitation
strengthening to fine grain strengthening [6]. Exceptional microstructure and mechanical properties
stem from the presence of finely polygonal ferrite grains, a high dislocation density, and martensitic

laths interspersed within the ferrite grains[10].

14



2.2 Cold rolling:

Metallic materials are subjected to plastic deformation such as cold rolling, forging, drawing, etc, to
produce useful end products. Cold rolling is a deformation process wherein the thickness of metal
sheets or strips is reduced by passing then between rollers at temperatures below their recrystallization
temperatures. This induces strain hardening and grain refinement, enhancing hardness, surface finish,
and the dimensional accuracy of the metal. Cold rolling is essential for the fabrication of flat-rolled
steel products such as sheets and coils. Cold rolling is typically conducted at temperatures below
approximately 0.3 times the absolute melting point (Tm) of the material. During cold rolling of
metallic polycrystalline material, a series of changes take place. These include alterations in the
morphology of grains, wherein equiaxed grains evolve into pancake-like structures after cold rolling.
The grains also elongate along the rolling direction, increasing the grain boundary area. Within the
grains, substructures develop and point defects are created. The substructure evolution is related to the

generation and accumulation of dislocations.

2.2.1. Deformation in two-phase alloys

The microstructural constitution of most AHSS alloys employed in industry comprises of at least two
phases or constituents: a matrix phase and a dispersed second phase / constituent. The second phase
plays a key role in the microstructural evolution during deformation [13], which in turn determines
the annealing response. Specifically, the second phase or particles influences the overall dislocation
density[14]. This effect holds the potential to amplify the driving force for recrystallization. The
particles or second phase influence the deformation process, inducing matrix inhomogeneity.
Consequently, this influences the accessibility of recrystallization sites and the character of the

deformation structure in the vicinity of the particles[15].

In instances involving substantial second-phase particles during deformation, notable strain
inhomogeneities emerge. The presence of large particles hinders dislocation slip, leading to the
accumulation of dislocations in their proximity. This accumulation is accompanied by local lattice

rotation, typically around the <112> orientation axis, resulting in regions with relatively high
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dislocation density and significant orientation gradients. These regions are denoted as particle
deformation zones (PDZ) and are influenced by factors such as strain, particle size, particle shape,

interface strength, and properties of the matrix phase [16].

Owing to numerous experimental challenges, there is a paucity of quantitative data concerning
deformation zones in polycrystalline materials [3]. Deformed zones in rolled alloys are frequently
observed to extend along the rolling direction. In the proximality of the second-phase particles, small
sub-grains with dimensions <0.1 um are generated. At a slightly greater distance from the particles,
sub-grains exhibit distortion and elongation. Utilizing Transmission Electron Microscopy (TEM) and
High-Resolution Electron Backscatter Diffraction (HR-EBSD) techniques, the orientation spread
(gradient), size, shape, and orientation of deformed zones in rolled polycrystalline materials have been

studied [3].

In the cold-rolling process, the original structure's grains, possessing either random or non-random
orientations, undergo rotation towards more thermodynamically stable orientations. Specifically, the
(223) [110] orientation is recognized as the stable end configuration in the resulting cold-rolled
texture [17]. It is observed that, during rolling, grains oriented with the y fiber orientation rotate more
readily than those with o orientations. The susceptibility to reorientation within the rolling texture
components correlates with the accumulated stored energy, indicative of inter-granular misorientation.
Notably, [17] the inter-granular misorientation is comparatively higher for components associated

with the y fiber than those aligned with the a fiber [18].

2.3 Annealing

Annealing involves the application of heat to a previously cold-deformed material to alter the
microstructure. This thermal treatment enables engineers to optimize various material properties. Cold
deformation typically results in increased hardness and strength, accompanied by a reduction in
ductility. Annealing is undertaken to enhance ductility, albeit at the cost of a reduction in strength and

hardness.
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During the annealing process, various temperature-induced phenomena occur, traditionally

categorized into distinct stages.

i.  Recovery, which predominantly involves defect rearrangement to lower energy
configurations; Recrystallization, involves migration of high angle boundaries; and
Grain growth, involves coarsening of microstructure to much lower energy state.
The grain growth process is typically slower than recrystallization because it has a

much lower driving force.

ii.  Phase transformation, involving heating the steel to the two-phase regime to induce
phase transformation, typically followed by quenching resulting in a completely

different microstructure.

2.3.1 Recrystallization:

Recrystallization is a phenomenon characterized by the migration of high-angle grain boundaries
(HAGBs) within a deformed or recovered grain. During this process, strain-free grains form from
nuclei generated within the deformed grain. Recrystallization is the sole mechanism through which a
completely new grain structure, featuring variations in grain size, shape, orientation, or texture, can be
established subsequent to deformation. The outcome of recrystallization includes enhanced ductility

and a reduction in strength as compared to the recovery process.

In the context of recrystallization, there are five key aspects that are typically observed, which are

summarized here [19].

o Recrystallization initiation requires only a minimal level of deformation at elevated

temperatures.

o Asthe degree of deformation decreases, the necessary recrystallization temperature rises.
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e Increasing the soaking times during annealing diminishes the temperature needed for

recrystallization.

e The size of recrystallized grains is predominantly influenced by the extent of

deformation, wherein smaller grains are a consequence of increased deformation.

e The temperature of recrystallization at a given degree of deformation will be increased by

large initial grain size and higher temperature of deformation.

Below are brief descriptions of some of the key factors that influence the rate of recrystallization in

materials[20].

Prior deformation: A higher extent of cold deformation corresponds to a heightened density of
dislocations, indicating an increase in the stored energy within materials. The higher degree of strain
results in greater disparities in stored energy, creating favourable sites for recrystallization.

Consequently, this increase in strain level accelerates the rate of recrystallization.

Grain size: A finer grain size provides more stored energy after a small degree of deformation The
increase in grain size enhances the inhomogeneous deformation such as shear banding, which
provides preferential sites for nucleation. Nucleation is favoured at grain boundaries, where the

boundary fraction increases with decreasing grain size.

Texture: The uneven distribution of stored energy aligns with the distinct orientations of texture
components. Consequently, the rate of recrystallization varies among different texture components.

Deformation texture is also influenced by grain size and determines the recrystallization texture.

Annealing temperature: The rate of recrystallization increases with temperatures, given that it is a
thermally activated process. In the recrystallization process, the relationship between time and
temperature is typically governed by the Arrhenius relationship [20]. If the rate of recrystallization is
employed as a metric, the relationship can be expressed in terms of the time required for 50%

recrystallization (t o).

Rate = 1/tos = C exp (- Q/RT)
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In the above equation, C is a constant, Q represents the activation energy (in J/mol) for
recrystallization, R is the gas constant, and T signifies the temperature in Kelvin. Plotting In (tos)

against 1/T yields a straight line with a specific slope if a single process drives the recrystallization.

Heating rate: The heating rate is an important variable in annealing. An increase in the heating rate
leads to less consumption of stored energy during recovery, consequently leading to a higher rate of

recrystallization.

Finally, recrystallization is also hindered by solutes, which reduce the recrystallization rate as their

solid solution concentration increases.

Underlying mechanism

The most commonly observed recrystallization mechanisms are briefly discussed here.

Nucleation and growth

The classical nucleation mechanism in recrystallization entails the generation of a defect-free new
grain surrounded by High-Angle Grain Boundary (HAGB) within the deformed material[21]. This
process is believed to occur in the vicinity of grain boundaries, second-phase particles, and within

deformation bands, including shear bands.

Strain-induced boundary migration (SIBM)

SIBM is the second mechanism that develops when the stored energy across the grain boundary
differs significantly. Fig. 2-2 shows a schematic of SIBM. With the expansion of single or many sub
grains, HAGB bulges out from one grain to the next. As per this mechanism new grains are oriented
similar to the old grains from which they bulge. SIBM is observed in low strain conditions in which

nucleation sites are less frequent as reported elsewhere[22].
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Figure 2-2: SIBM of a boundary dividing a grain with low stored energy (E1) from one with higher
stored energy (E2), (b) pulling of the dislocation structures behind the migrating boundary [23], (c)
migration of boundary free of the dislocation structure, and (d) SIBM beginning at a single big sub

grain[20].

Sub grain coalescence

The third mechanism for recrystallization nucleation is proposed in references [24,25]. In this process,
during annealing, two neighbouring sub-grains undergo rotation. The sub-grain boundary between
these two grains is eliminated as their orientations converge. The iterative coalescence process leads
to the formation of a High-Angle Grain Boundary (HAGB) and, consequently, the initiation of

recrystallization.

The initial two mechanisms of recrystallization share a similarity in that both are triggered by
boundary migration. Numerous studies indicate that, in the case of iron, the most prevalent method for

generating new, strain-free grains involves the mobility of pre-existing grain boundaries [26].
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2.3.1.1 Impact of second phase on recrystallization:
The interaction of recrystallization with second-phase particles results in alterations to the
microstructure in one of two ways, as elucidated by reference [20]. The following points delineate the

notable influences on recrystallization with second-phase particles.

o It is feasible to elevate the stored energy, thereby augmenting the driving force for

recrystallization.
o Large particles can serve as sites for recrystallization nucleation.

o Closely positioned particles are subject to the pinning effect on both Low-Angle Grain

Boundaries (LAGB) and High-Angle Grain Boundaries (HAGB).

Recrystallization is promoted by the first two effects, while the third tends to impede it. Consequently,
the kinetics of recrystallization, as well as the resulting grain size and texture, are determined by the
predominant influence among these effects. The distribution, size, and volume fraction of second-
phase particles are dictated by the alloy composition and processing. By manipulating these factors,

the microstructure and texture can be controlled during recrystallization.

When the material-containing particles undergo distortion, a particle with a significant diameter can
generate a heightened local concentration of stored energy and substantial misorientation in the
adjacent microstructure, thus serving as a favourable nucleation site [27,28]. These high-energy zones
typically extend to a distance of approximately one diameter from the particle surface, indicating that
the size of these zones is dictated by the particle’s dimensions. Consequently, if the strained region
surpasses the critical nucleus size, nuclei can form within these strained zones and promptly initiate

growth owing to the misorientation of the surrounding microstructure.

In the case of finely dispersed particles (d < 0.1 um), the nucleation process experiences a delay due
to Zener drag. Fine particles act as inhibitors to both dislocation movement and grain boundary

motion [29,30].
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2.3.1.2 Recrystallization in low carbon steels

Cementite is the second phase in ferritic low carbon steels. Hutchinson et al. [31] showed that
annealing causes carbon to migrate from cementite to ferrite, creating a competition between carbide
dissolution and recrystallization nucleation (see Fig. 2-3). They reported that recrystallization is more
favoured than cementite dissolution at high temperatures, especially for fast heating rates, depending

on the inter-particle spacing.
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Figure 2-3: Schematic microstructure showing a concurrent process of cementite dissolution and

recrystallization [31].

Hutchinson et al. [31] varied the inter-particle spacing and computed the dissolved carbon content as a
function of the heating rate, as depicted in Fig. 2-4. The results in Fig. 2-4 distinctly demonstrate that
in the case of finely spaced particles (A = 20 um), the average dissolved content in the matrix is 50
ppm, while coarse carbide spacing (A = 80 pm) results in less than 10 ppm under rapid annealing

conditions.
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Figure 2-4: Dissolved carbon content as a function of heating rate and dispersion of cementite particle

with varying particle spacing (1) [31].

2.3.2 Phase Transformation:

2.3.2.1 Formation of dual phase microstructure

DP sheet steels are typically obtained by intercritical annealing treatment utilizing the continuous
annealing procedures [29]. In an uninterrupted annealing process, the steel sheet, characterized by a
ferrite-and second phase such as pearlite/bainite/martensite microstructure, undergoes a brief exposure
to the intercritical temperature range, leading to the formation of ferrite-austenite mixture. Subsequent

rapid cooling induces the transformation of the austenite phase into martensite.

2.3.2.2 Formation of austenite during intercritical annealing
Fig. 2-5 shows a part of the iron-carbide phase diagram with the two phase (o+y) region for

intercritical annealing at a given carbon content [32].
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Figure 2-5: Simplified Iron-Carbon diagram that illustrates the annealing temperature is associated

with a specified composition of the steel [32].

Based on the lever rule, at a constant carbon concentration, the fraction of austenite increases with
increasing intercritical temperature, until it becomes the sole phase at the A3 temperature. Similarly,
when subjected to a constant intercritical temperature, the proportion of austenite experiences a
gradual rise as the carbon concentration increases, reaching a point where it becomes the dominant
phase at a carbon concentration that aligns perfectly with the boundary between y and y+o phases
[32].The process of austenite formation from a ferrite-pearlite microstructure close to commonly used

DP600 grade during intercritical annealing can be delineated into multiple stages[33].

e The nucleation of austenite at pearlite particles happens instantly, and then the material

grows quickly until the carbide phase dissolves [32].

e Austenite gradually expands into ferrite, with the rate of development determined by the
diffusion of the carbon in austenite at 850°C and the diffusion of the manganese in

austenite at 750°C temperature [32].

The ultimate equilibration between ferrite and austenite occurs at an extremely slow pace, regulated

by the diffusion of manganese in austenite.
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The initial stage involves the dissolution of pearlite and the expansion of austenite into the pearlite
structure. This advancement is mainly controlled by the distribution of carbon within the austenite.
The preferred path of carbon mobility is the boundary between pearlite and austenite, with the extent

of mobility roughly matching the spacing between pearlite lamellae [32].

At the end of the first phase, a high-C austenite is formed, exhibiting a non-equilibrium state with
ferrite. The subsequent progression involves the gradual transformation of this austenite into ferrite,
aiming to attain partial stability with the ferrite, marking the second phase [32]. The decelerated
expansion of austenite during this stage can be regulated either by carbon distribution within the

austenite or by manganese distribution within ferrite matrix [32].

In the third step, an exceedingly slow attainment of the ultimate equilibrium between ferrite and
austenite occurs, facilitated by manganese diffusion through the austenite [32]. It is noteworthy that
the diffusion rate of manganese in austenite is three orders of magnitude slower compared to its

diffusion in ferrite[33].

The rate of formation of austenite during intercritical annealing depends on the ferrite grain-size. The
initial rapid formation of austenite is attributed to high density of nucleation sites at the FP boundaries
[32]. In addition, the smaller the grain size of ferrite, the easier it is for replacing solutes, such as Mn,

to get distributed within the ferrite throughout the subsequent growth of the austenite[34].

2.3.2.3 Phase transformation during intercritical annealing
While the transformation of austenite in DP steel following intercritical annealing shares similarities
with the growth of austenite following the conventional austenitizing, two characteristics render this

transformation process distinct[32]:

The intercritical temperature serves as the primary determinant of the carbon content in austenite,
thereby resulting variation in the hardness of the austenite across varying intercritical temperatures
[32]. Specifically, at lower temperature characterized by higher carbon content in austenite, the
hardenability of the phase is proportionately high. Conversely, at higher temperatures resulting in

reduced carbon content in austenite, the hardenability of the austenite diminishes. Also, due to the pre-
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existing presence of ferrite, the transformation from y to o can advance through the epitaxial growth

of the existing ferrite into austenite without necessitating a nucleation step[22,33].

A diverse spectrum of morphologies and evolution products do arise from the austenite subsequent to
intercritical heat treatment, contingent upon factors such as heat treatment duration, and cooling rate
[32]. In dual-phase steel, the hardness of austenite is mostly dependent on the added fusing

elements[22,33].

The formation of martensite from the austenite at lower temperature and the ferrite phase allow the
plastic deformation in it has more tendency to nuclei first and then it transforms in to austenite, the
transforming austenite then subsequently transfer to martensite [32]. As a result, this procedure
generates a substantial dislocation density and imparts residual stresses within the ferrite in close
proximity to martensite particle. Even though the residual stresses are too small to be directly
measured, theoretical analysis indicates that their maximum magnitude would be roughly on the order
of the yield strength of the ferrite (at the Ms temperature), gradually decreasing exponentially as one

moves away from the interface between martensite and ferrite[32][22,33].

2.3.2.4 Transformation of ferrite during sub-critical heat treatment and cooling

During intercritical heat treatment, if the heating rate applied to the cold-rolled steel sheets exceeds a
certain threshold, the characteristics of the ferrite can undergo changes. When recrystallization occurs,
various characteristics of ferrite have been observed, including full recrystallization and partial
recrystallization. Austenite nucleation commences at the fully recrystallized ferrite grains, where grain
growth takes place. These recrystallized grains are influenced by the presence of the austenite phase at

the grain boundaries. [32].

Alterations in the carbon percentage of the ferrite can take place during sub-critical annealing as

detailed below [32].

e The dispersion of carbon in the ferrite phase could be reduced at the sub-critical
temperature compared to its original concentration in the as-received material's ferrite

phase. This reduction in carbon solubility within the ferrite is associated with the
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escalation of the intercritical temperature, and it may also be significantly influenced by

an elevation in the overall alloy percentage of the steel [32].

o Deviations in the cooling rate from the sub-critical temperature can impact the carbon
composition of the ferrite matrix [32]. A decrease in the cooling rate may lead to the
precipitation of cementite within the ferrite, leading to a reduction in the carbon content

of the ferrite [22].

In the majority of intercritically annealed DP steels, two distinct forms of ferrite can be discerned:
"retained ferrite," which exists at the intercritical annealing temperature [32], and "epitaxial ferrite,"
which develops from austenite during the cooling phase as shown in Fig. 2-6. Research has
demonstrated the absence of a structural interface between these two ferrite types, establishing that

epitaxial ferrite extends from the retained ferrite grains [22].

Figure 2-6: Ferrite variants in a DP steel can be categorized as follows: Gray denotes retained ferrite,

white represents epitaxial ferrite, and black indicates martensite[22].

2.4 A critical review of literature:

Thermomechanical processing of advanced high strength steels mainly involves hot rolling, coiling,
cold rolling and intercritical annealing. The different processing steps and process parameters
accordingly affect the microstructure and mechanical properties. The important process parameters

that determine the initial microstructure are hot rolling temperature and coiling temperature after the
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hot rolling [12,35,36]. The steel’s chemical composition and the cooling rate [32] from the hot rolling
regime also affect the microstructures [6,10,37]. Subsequent to hot rolling and coiling, the samples are
cold rolled to enhances the strength and also to obtain the desired crystallographic texture [38—40]
[41,42]. The next processing step is recovery / recrystallization annealing and intercritical annealing.
The microstructural evolution during the recrystallization of dual phase steel has been previously
reported[43], along with the interaction between recovery, recrystallization and transformation [44].
Intercritical annealing of cold rolled DP microstructures has been reported by Karmakar et al. [45] and
Mazaheri et al. [46]. Most of the previously reported works have studied the effect of processing
parameters such as coiling temperature, extent of cold rolling and annealing temperature with
different chemical compositions and constituent phases. However, the effect of these process
parameters on microstructure and local mechanical properties during all the processing steps at a
given chemical composition has not been reported. Furthermore, given the dual or multi-phase nature
of most AHSS, in addition to macro scale testing, it is important to study the mechanical properties at

the length scale of the individual constituents, which has not been systematically studied as well.

Most AHSS are dual or multi-phase steels and there is a continuous ongoing effort globally to modify
the processing to obtain the desired microstructure and thereby the properties. Establishing the
relationship between the processing, microstructural and mechanical characteristics at the length scale
of distinct constituents of these AHSS is the key to developing AHSS with the desired combination of
mechanical properties. In this regard, closely coupling the microstructure with the mechanical
properties at the micrometer length scale is critically required. Hence, a comprehensive study of the
microstructure and local mechanical properties of dual phase steels during various processing steps
such as hot rolling, coiling, cold rolling and annealing is carried out to establish the much-needed

relationship between processing, microstructure and property at the micrometer length scale.
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Chapter 3 Experimental Procedure

This chapter presents the details of the materials and experimental methods that includes the
chemical composition, thermomechanical processes steps, the methods used to characterize
the microstructures, and mechanical properties. Additionally, this chapter describes in detail a
novel methodology that combines EBSD and nanoindentation mapping data to deconvolute
the mechanical properties of the individual phases to enable assessment of the structure-

property relationships at the micrometer length scale.

3.1 Materials and their chemical composition

In the present study, steel sheet with low C-Mn content was investigated with a composition
close to commercial grade of DP 600 and is shown in Table 1. The steel sheets were received

from TATA STEEL Europe Ijmuiden, the Netherlands.

Table 1: Nominal chemical composition of the steel sheet

Element C Mn Si Nb Cr

wt. % 0.09 1.65 0.28 <0.001 0.057

3.2 Thermomechanical processing

The thermomechanical processing carried out in this work is schematically shown in Fig. 3-1.
A 37mm cast ingot undergoes a one-hour soak at 1200 °C, followed by hot rolling above the
austenite recrystallization temperature (Tnr). The Tnr temperatures for these steel sheets were
established by Gautam et al [1]. In the hot rolling process, the initial 37mm primary rolled
industrial block undergoes six passes, progressively reducing to a 6mm sheet. Fig. 3-1
illustrates the percentage of rolling reduction in each pass. Subsequently, they were cooled at

varying cooling rates of 5, 20 and 80°C/s, followed by coiling at 600 (Ps), 450 (Bs) and
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250°C (Ms) respectively for 6 h followed by air cooling to room temperature, to obtain

ferrite-pearlite, ferrite-bainite and ferrite-martensite microstructures. Following hot rolling

and coiling, the samples undergo additional cold rolling, achieving reductions of 60% and

80%, resulting in a thickness reduction from 6 mm to 1.2 mm, as depicted in Fig. 3-1.

Subsequently, these samples undergo annealing separately at recrystallization temperatures of

725°C and intercritical annealing temperatures of 770°C. Microstructural changes during

these processing conditions are examined using scanning electron microscopy (SEM) and

electron backscatter diffraction (EBSD). The mechanical properties were measured using a

Vickers microhardness testing and nanoindentation. A detailed description of these methods is

provided in the subsequent sections.
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Figure 3-1: Schematic representation of thermomechanical processing of AHSS. (FP-ferrite-

pearlite, FB-Ferrite-bainite, FM- Ferrite-martensite).
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3.3 Annealing

Before the annealing treatment the hot rolled and coiled samples and cold rolled 60 and 80%
samples are microstructurally and mechanically characterized. Annealing treatment was
carried out to investigate the recrystallization and phase transformation behavior of all the
80% cold-rolled samples. Small rectangular specimens measuring 1.2x1 cm (LxW) were

obtained from the middle portion of the cold-rolled sheets with a thickness of 1.2mm.

3.3.1 Recrystallization

Recrystallization annealing was conducted using a salt bath furnace, at a temperature of
725°C with a rapid heating rate of 185°C/s. Samples were drawn at different soaking times,
including 10s, 30s, 60s, 180s, 300s, 600s, and 900s, followed by immediate quenching in

water. A schematic representation of the recrystallization cycle is presented in Fig. 3-2.
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Soaking at 10s, 30s,
1,3,5,7,10,15 min
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= =
g
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Time
Micro vickers
Nanoindentation

Figure 3-2: Schematic of recrystallization annealing procedure.
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3.3.2 Phase transformation

Intercritical annealing was conducted using a salt bath furnace, maintaining a temperature of
770°C with a rapid heating rate of 185°C/s. Samples were drawn at different soaking times,
including 60s, 180s, 300s, 420s, 600s, and 900s, followed immediate quenching in water. Fig.

3-3 provides a schematic illustration of the experimental intercritical annealing cycle.
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Figure 3-3: Schematic of intercritical annealing procedure.

3.4 Sample preparation

The preparation of samples, including hot-rolled, cold-rolled, and annealed specimens, is
crucial for accurate data measurement and analysis using various characterization techniques.
The samples must exhibit flatness, be devoid of debris, and remain free from strain induced
by mechanical polishing to ensure accurate microstructure and property measurements. As
part of the sample preparation process, mechanical polishing was carried out using SiC
papers of varying grits (800, 1000, 1200, 1500, 2000, 2500), followed by progressively
polishing with alumina suspension of 1um, 0.3um, 0.1um and 0.05um. Vibratory polishing

was then performed using fine colloidal silica suspension (40 nm) for an 8-hour duration.
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Micro-vickers hardness and nanoindentation hardness measurements were subsequently
carried out on these meticulously polished specimens [2]. In this study, hardness,
microstructural, and texture measurements were conducted on the cross-section in the RD-

ND direction as shown in Fig. 3-4.

Hardness, SEM, EBSD

» RD

Figure 3-4: Schematic showing cross-section used for measurement by different

characterization techniques.

3.4.1 EBSD sample preparation:

The sample preparation for EBSD analysis is similar to the procedure described earlier,
which involves initial polishing with SiC polishing paper followed by alumina suspension

and vibratory polishing with 40 nm colloidal silica suspension.

3.5 Microstructural characterization:

3.5.1 Optical and Scanning electron microscopy:

Microstructural examination following hot rolling was conducted using an optical microscope

(OM), while cold rolling and annealing microstructures were observed utilizing a field
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emission scanning electron microscope (FE-SEM). All specimens were etched with 2% Nital
for microstructural analysis using OM and FE-SEM. The optical microscope employed in this

study was an Olympus model equipped with a digital camera.

3.5.2 Area fraction measurement:

The phase fractions of ferrite, pearlite, bainite and martensite were obtained by image
analysis using Image J software [3]. Fig. 3-5(a) shows the optical micrographs of the
samples, where ferrite appears as white and the other phases as grey. Fig. 3-5(b) shows the
binary images obtained by applying a threshold to the contrast/brightness of the original
image, where the different phases are highlighted by different colours. The phase fractions
were calculated by averaging the results from 8-10 images taken from different locations of

the samples.
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Figure 3-5: Optical micrographs of (a) ferrite-pearlite (FP), ferrite-bainite (FB) and ferrite-

martensite (FM) (b) monochrome bitmap of pearlite, bainite and martensite.

The surface morphology and microstructure of the samples were examined by field emission
scanning electron microscopy (FE-SEM). The microstructural investigations were performed
using field emission scanning electron microscope (FESEM Model: FEI - NOVA
NANOSEM 450) at an accelerating voltage of 20 kV and a working distance of 15 mm[4].
The microstructural evolution due to hot rolling and coiling, cold rolling, recrystallization and

intercritical annealing on the ferrite and the other phases were analysed by FE-SEM.

3.5.3 Electron backscattered diffraction:

EBSD, a technique for characterizing materials using a scanning electron microscope (SEM),
involves scanning the electron beam across the surface of a tilted crystalline sample. The
diffracted electrons at each point create patterns that are detected and analysed using

specialized hardware and software [5]. Through the indexing process at each point, valuable
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information about the phase and crystallographic orientation is obtained, allowing for the
effective reconstruction of the microstructure. This comprehensive approach enables a
thorough characterization of the microstructural properties of the sample. Figure 3-6 shows a

schematic of EBSD setup.
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Figure 3-6: Schematic representation of a standard EBSD analysis setup[6].

Electron Backscatter Diffraction (EBSD) yields crucial insights into the crystallographic
orientation of materials on a microscopic scale. including orientation maps, identification of
grain boundaries, determination of grain size and shape, phase identification, analysis of
deformation and strain, and examination of texture patterns [7]. The details of the EBSD

technique is described elsewhere [7-9].

In the present work, grain orientation and local misorientation of the samples after different
processing steps were characterized by electron backscatter diffraction (EBSD). The EBSD
measurements were carried out on a FEl NOVANANO-SEM 450, with a beam voltage of
20KV, an aperture diameter of 50 pum and a working distance of 12-15 mm. The samples

were tilted at 70 degrees towards the EBSD detector. The EBSD patterns were recorded by a
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Velocity Pro camera using a hexagonal grid and processed by OIM-TSL software version 8.6.
For high-resolution EBSD, a small area of 25 um x 25 pum was scanned with a step size of 80
nm, covering at least two or three bands of different phases. For texture analysis, a larger area
of 300 um x 300 pum was scanned with a step size of 0.1 um, using multiple measurements.
Post-processing of data was performed using Version 8.6 of the OIM-analysis software.
EBSD mis indexed data with a confidence index of less than 0.1 were excluded from

subsequent analysis.

3.5.4 Partitioning of secondary constituents using EBSD data:

The EBSD data obtained for different dual phase microstructures in this study (Ferrite-
pearlite, ferrite-bainite and ferrite-martensite) are partitioned to understand the changes in the
corresponding phase/constituent. Prior work on partitioning of bainite and martensite from
ferrite in multiphase steels ferrite-martensite was achieved by using 1Q and KAM, which are
sensitive to the lattice distortion of the phases [10,11]. Martensite usually shows lower 1Q
Kikuchi bands due to various crystalline defects such as sub grain, grain boundary, high
dislocation density, lattice strain, and increased carbon content that distort the lattice [12].
Hence, one method to partition the images is to apply a filter to the original 1Q image and
generate multiple Gaussian distributions of the 1Q values using a threshold 1Q value [13].
However, this approach has been shown to be sensitive to the user-defined choice for the
threshold number. Also, some prior work reports the relationship between 1Q values and
martensitic constituents [5] and has been used with some success [14]. However, they do not
provide quantitative criteria to differentiate between ferrite, bainite, martensite, or high-angle
grain boundaries, making the method very operator-dependent [15]. Stuart et al. [16] have
suggested a kernel-based method for more precise measurement of phase discrimination in
ferrite and martensite with minimum error compared to threshold method. Using the 1Q of the

diffraction pattern, the EBSD map data was employed to separate the regions of ferrite and
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second phase constituents, as suggested by [17]. Zaffrer et al. [18] have demonstrated that the
KAM based approach is more dependable than other methods based on misorientation.
However, it still is user dependent to some extent. In this work, image quality (1Q) map was
used to separate the different phases based on their 1Q values. Fig. 3-7 shows the SEM
micrograph, 1Q map and 1Q-based partitioned map for Ferrite-Pearlite, where the pearlite
phase has lower 1Q values and the ferrite phase has higher 1Q values. The partitioned map
shows ferrite as grey coloured region and pearlite as red/yellow colored region, which
matches well with the SEM micrograph and the IQ map. This IQ based partitioning
technique[19] was then applied to KAM data to obtain the misorientations in ferrite and
pearlite as shown in Fig. 3-7(d), where the pearlite phase has higher misorientation and the
ferrite phase has lower misorientation. Good correlation of regions corresponding to ferrite

and pearlite from SEM, 1Q and partitioned 1Q map can be observed from Fig. 3-7.

SEM 1Q IQ based partition  Individual phase misorientation

—|—FP_80%_F
—@—FP_80% P

Figure 3-7: (a) SEM micrograph, (b) Image Quality map, (c) Image Quality-based partitioned
map, and (d) the Kernel Average Misorientation (KAM) distribution of individual phases in

Ferrite-Pearlite. "F" represents ferrite, and "P" represents pearlite.

3.6 Mechanical characterization:

In this study, hardness was measured by micro-Vickers hardness testing and nanoindentation

testing to probe the mechanical properties at different length scales as described below.
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3.6.1 Vickers micro hardness measurement:

The microhardness of the samples was measured by Vickers indentation using a Tinius Olsen
FH-006 series instrument. The load was 500 gm and the dwell time was 15 s [20]. Fifteen
indents were made on a flat and polished surface along the rolling direction for each sample.
The hardness values obtained from the indents represent the average response of multiple

grains of both constituents, i.e., ferrite-pearlite, ferrite-bainite and ferrite-martensite[4].

3.6.2 Nanoindentation hardness measurement:

High speed nanoindentation mapping was performed to measure the local mechanical
properties at the micrometer length scale using a commercially available nanoindenter,
iMicro® with an InForce50 actuator from Nanomechanics Inc. (now KLA), Oak Ridge, USA
[19]. A high-speed mapping tool, NanoBlitz 3D+, was used to perform the mapping, with
each indent taking less than a second to complete. The process involved navigating to the
region of interest on the sample, making contact with the surface, loading, unloading, and
withdrawing the tip further away from the surface [21]. The contact stiffness, hardness, and
modulus were calculated from the load and depth information at each test point using the
Oliver and Pharr method [22,23]. A diamond Berkovich tip was employed for all experiments
[21]. Following the recommendation of Sudharshan Phani and Oliver in a previous work
[22], the depth of indentation is limited to 100 nm and the spacing between the two
consecutive indents is 1 micron which results in spacing to depth ratio of 10. Several maps of
60X60 sg. microns, with 3600 indents were carried out for all samples after different
processing steps[19]. The outcome of constant strain rate testing (0.2 1/s) on fused silica were
used to determine the load frame stiffness and tip area function [21]. For these experiments,
the contact stiffness was measured continuously as a depth-dependent measurement using a

phase lock amplifier with a frequency of 100 Hz and a constant ratio of dynamics load to
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means load of 0.2 as detailed elsewhere[4] [24]. It may be noted that the samples were etched
after final polishing to capture the microstructure with SEM and EBSD. The samples were
subsequently again polished with colloidal silica suspension to remove the etching effect

before nanoindentation, wherein the material removal is minimal.

3.7 Deconvolution of data:

The k-means clustering algorithm was applied to the large data sets from hardness mapping
to obtain the deconvoluted map also referred to as mechanical phase map that gives the local
hardness of the different phases / constituents[19]. The k-means clustering algorithm [25] is a
method to partition a set of ‘n’ observations into a set of ‘k’ groups, based on minimizing the
within-cluster sum of squares of distances. The algorithm starts with k random cluster centres
and iteratively updates them until the within-cluster distances cannot be reduced further and
gives the deconvoluted map or the mechanical phase map [22,23]. The optimal number of
clusters for the data can be determined by running the method for different values of k and
choosing the best one based on error minimization, or by having prior knowledge of the
number of phases present in the mapped region. The mean and standard deviation of the data
points in each cluster can be used as a quantitative measure of the property of the respective

phase / constituent after the clustering.

An example of the deconvolution is shown in Fig. 3-8. The SEM micrograph in Fig. 3-8(a)
reveals the two-phase microstructure of ferrite and pearlite, while the hardness variation
between these constituents is evident from Fig. 3-8(b). This nanoindentation mapping
hardness data is deconvoluted into two bins corresponding to ferrite (blue) and pearlite (red),
as shown in the deconvoluted map or mechanical phase map in Fig. 3-8(c). Good agreement
is observed between the SEM micrograph, the hardness map and the deconvoluted hardness

map in terms of the spatial distribution of ferrite and pearlite in Fig. 3-8(a-c). The mean and
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standard deviation of the hardness details for individual phases were calculated and used to
plot the hardness histogram considering a Gaussian spread [21]. The histograms of the
hardness data for ferrite and pearlite are depicted in Fig. 3-8(d), where the peak position
indicates the average hardness and the peak area represents the area fraction of each phase.
The changes in hardness after hot rolling and coiling, cold rolling, recrystallization and

intercritical annealing were analysed in a similar way in the thesis.
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Figure 3-8: (a) SEM micrograph (b) nanoindentation-derived hardness mapping, (c)
deconvoluted or mechanical phase map with ferrite (blue) and pearlite (red), and (d)

histogram depicting the hardness distribution of individual constituents.
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Chapter 4 The influence of coiling temperature and cooling rate
on microstructure and mechanical properties of dual phase
microstructures

In this chapter, we explore the formation of dual-phase microstructures during the hot rolling
and coiling process, utilizing a correlative approach that combines nanoindentation and
electron microscopy for the analysis of Advanced High Strength Steels (AHSS). Our
investigation resulted in microstructures characterized by the presence of ferrite in
conjunction with pearlite, bainite, and martensite, all while maintaining an equivalent
nominal carbon content. High-speed nanoindentation mapping was employed to capture the
variation in local mechanical properties with respect to the processing parameters. Notably,
we observed excellent agreement between the microstructure and hardness at the micrometer
length scale. This chapter elucidates the outcomes concerning the influence of carbon

distribution on the evolution of microstructure and properties during hot rolling and coiling.

4.1 Introduction

DP steel grades are a category of Advanced High Strength Steels that exhibit a unique
combination of high ductility and strength. These grades have a microstructure consisting of
about 70-80 volume percent of ferrite (a-iron) as the primary phase, with the remaining
secondary phase/constituent being one or more of bainite, pearlite, and martensite. The
morphology of the secondary phases/constituent and the relative distribution of constituent
elements, especially carbon in these phases, influences the overall performance of the
composite [1,2]. Specifically, thermomechanical control processing (TMCP) parameters such
as rolling conditions, coiling temperature, soaking duration, cooling rates, etc. can affect the

distribution and morphology of the secondary phase(s) and thereby the mechanical properties.
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Prior work in this regard focused on obtaining dual phase microstructures with different
morphologies and volume fractions. The choice of hot rolling temperature and the subsequent
coiling temperature plays an important role [1-7], resulting in a wide range of
microstructures, including ferrite-pearlite with banded type morphology [8-11] at high
coiling temperature and ferrite-bainite and ferrite-martensite with non-banded morphology at
low coiling temperature and higher cooling rate [12]. For example, Zhuang et al.[13], showed
that low temperature rolling followed by rapid cooling results in materials with higher
ultimate tensile strength due to refinement of ferrite grains and formation of martensite
islands in the microstructure. Similarly, Gang et al. [14] showed that in high Al and low Si
DP steel coiled at a temperature of 300°C, dislocation density in ferrite was relatively low and
auto tempering of martensite occurs that leads to softening and thereby a decrease in the
hardness difference between ferrite and martensite. Apart from the coiling temperature and
cooling rate effect, the evolution of the mechanical properties with thermo-mechanical
processing and composition has not been comprehensively studied. The strength of many of
these dual phase steels is usually measured by using Vickers micro hardness [15-18] and
tensile testing [19,20]. While tensile testing naturally provides a composite response,
indentation can potentially yield the properties of individual constituents. However, the size
of the second phase is usually much smaller than the indent size in the case of micro Vickers
hardness testing and hence only the composite response of ferrite and second phase is
obtained [15-17]. However, nanoindentation testing, which can access much smaller length
scales is a potential alternative. In this regard, recent advancements in high speed
nanoindentation mapping have enabled the extraction of local mechanical properties of

multiphase materials including DP steels [21-23].

In this chapter, a comprehensive study of the local mechanical properties of hot rolled and

coiled dual phase steels is presented. Three different dual phase steel microstructures are
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obtained by hot rolling followed by coiling at different temperatures. Microstructural and
mechanical properties are discussed in detail in the experimental procedure chapter. Insights
on the effect of carbon distribution on local microstructure and the hardness of individual
phases are presented. A critical assessment of microstructure and mechanical property
correlation at the micrometer length scale is presented. These microstructures then become
the basis for further thermomechanical processing steps such as cold rolling, recrystallization
and inter-critical annealing that are the other key processing steps for DP steels which are

discussed in subsequent chapters.

4.2 Experimental procedure

4.2.1 Processing of steel

A 37 mm thick industrial grade DP600 steel slab, sourced from Tata Steel in Europe, was
subjected to hot rolling at a temperature of 876°C, which exceeds the austenite
recrystallization temperature. This hot rolling process resulted in a reduction of the slab's
thickness to 6 mm, representing an 83% reduction in thickness[24], and coiling at different
temperature with different cooling rate to develop the three distinct microstructures with
ferrite as matrix and secondary constituent / phase comprising of pearlite, bainite and

martensite. The processing steps are detailed in the chapter 3.

4.2.2 Microstructural and mechanical characterization

Microstructural investigations were carried out using field emission scanning electron
microscope (FESEM Model: FEI - NOVA NANOSEMA450) at an accelerating voltage of 20

kV and a working distance of 15 mm. EBSD measurements were performed using a velocity
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pro detector from EDAX, and TSL OIM software (version 8.5) was used for further analysis.
Local misorientations were studied using the Kernel average misorientation (KAM) maps
which are obtained with respect to 5" nearest neighbor and maximum threshold of 3°
misorientation. As mentioned earlier, mechanical testing was performed on well-polished
samples by microhardness and nanoindentation testing. Vickers micro hardness tests were
carried out using Tinius Olsen FH-006 series at a load of 500 gm and dwell time of 15 s [25].
High speed nanoindentation mapping was performed to measure the local mechanical
properties at the micrometer length scale using a commercially available nanoindenter,
iMicro® with an InForce50 actuator from Nanomechanics Inc. (now KLA), Oak Ridge, USA

[26-28]. Further details of material characterization are provided in chapter 3.

4.3 Results

4.3.1 Microstructural observations from SEM micrographs

The difference in coiling temperatures during the hot rolling process is clearly visible in the
SEM micrographs shown in Fig. 4-1 in terms of variations in microstructural features. As
seen in Fig. 4-1(a-c), these variations are seen in the morphology and distribution of
microstructural characteristics. In all micrographs, the matrix phase is ferrite (dark grey),
while the second phase or constituent (light grey) is either pearlite (as shown in Fig. 4-1(a,
d)), bainite (as seen in Fig. 4-1(b, e)), or martensite (as observed in Fig. 4-1(c, f)). Higher
magnification images of the regions shown in the inset are shown in Fig. 4-1(d-f) that clearly
show the differences in the morphology and length scale of the second phase / constituent.
Slow cooling followed by coiling at 600°C resulted in ferrite and a colony of pearlite and is
banded in nature as shown in Fig. 4-1(a) and (d). Faster cooling followed by coiling at 450°C
resulted in formation of bainite, wherein the bainite shows a lath-type morphology with

fragmented iron carbides and ferrite as shown in Fig. 4-1(b) and (e). Finally, much faster
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cooling followed by coiling at 250°C, resulted in fine martensitic islands dispersed across the
ferrite region. It may be noted that coiling at 450°C and 250°C did not result in banding.
Also, with decreasing coiling temperature, ferrite grain size decreases. The grain size of
ferrite estimated to be 14+3.89 um, 10.5+3.9 um and 5.64+2.4 um for FP, FB and FM,

respectively. In summary, despite having similar composition, significant difference in area

fraction and distribution of the constituent phases can be clearly observed.

Figure 4-1: SEM micrographs after hot rolling and coiling at different temperatures (a, d)

ferrite-pearlite (FP), (b, ) ferrite-bainite (FB) and (c, f) ferrite-martensite (FM).
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4.3.2 Microstructural observation from EBSD (KAM analysis)

We also carried out Electron Backscatter Diffraction (EBSD) examinations to better
understand how local misorientations during processing, in addition to the microstructural
analysis mentioned in the prior subsection. The kernel average misorientation (KAM) maps
for the three distinct microstructures are shown in Fig. 4-2. The misorientations on these
maps are represented by a colour spectrum from blue to red that spans a 3-degree range. In
the case of FP, bulk ferrite regions (blue-colored regions) show lower misorientation, while
the pearlite regions show higher misorientation. Similarly, in the case of FB, bulk ferrite
regions (blue-colored regions) show lower misorientation, whereas the regions where ferrite
is intermixed with bainite or in the vicinity of bainite, show relatively higher misorientations.
On the contrary, in the case of FM, the ferrite regions show much higher misorientation as
evidenced by the lack of blue colored regions, while they are still lower than the martensitic
regions. The variations in misorientation can be attributed to the strain that accumulates
during the formation of the phases/constituents at different cooling rates and coiling

temperatures.

57



L'RD Min  Max

Edo 3

Figure 4-2: SEM micrographs and kernel average misorientation maps of FP, FB and FM.

4.3.3 KAM distribution of ferrite and secondary constituents:

To quantify the information derived from the KAM maps shown in Fig. 4-2, we present
histograms illustrating the distribution of KAM values. Specifically, Fig. 4-3(a) pertains to
bulk ferrite, while Fig. 4-3(b) corresponds to the secondary phase or constituent and the
petitioning was carried out as described in chapter 3 based on the work of Janakiram et.
al.[21]. For bulk ferrite, as indicated in Fig. 4-3(a), the FP and FB samples exhibit lower
misorientations in comparison to FM. This can be attributed to several factors, including the
relatively lower defect density in FP due to its slower cooling rates, as well as the finely
distributed martensite in FM, which contributes to localized increases in the defect density

within the ferrite phase. In the case of the secondary phase / constituents shown in Fig. 4-
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3(b), the pearlite peak shows the lowest misorientation, while bainite and martensite show a
slightly higher value. It may be noted that the secondary constituents are pearlite in the case

of FP, mixture of ferrite and bainite/carbide in the case of FB and martensite in the case of

FM.
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Figure 4-3: Kernel average misorientation (KAM) distribution in (a) bulk ferrite and (b)

secondary phase / constituents.

4.3.4 Micro vickers hardness evolution

Fig. 4-4 illustrates the microhardness data acquired through Vickers indentation subsequent to
the hot rolling and coiling processes for all three samples. Notably, the microhardness
exhibits an increasing trend, starting with FP and followed by FB and FM. This trend can be
rationalized by considering that martensite, formed through rapid cooling, has the potential to
refine the ferrite microstructure and enhance local matrix strength due to an increased
dislocation density. However, it’s important to note that detailed microstructural information

at smaller length scales is not accessible due to the relatively larger size of the hardness
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impressions in comparison to the microstructural length scale. To delve deeper into

deformation at smaller scales, we have conducted nanoindentation testing.
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Figure 4-4: Vickers microhardness of hot rolled and coiled samples of FP, FB and FM.

4.3.5 Nanoindentation hardness mapping after hot rolling and coiling

In Fig. 4-5, we present representative high-speed nanoindentation maps alongside their
respective histograms for all three samples. In the hardness map of FP (Fig. 4-5(a)), the
banded nature of the microstructure is distinctly evident, with bulk ferrite exhibiting lower
hardness compared to pearlite. For FB (Fig. 4-5(b)), similar observations hold true, with bulk
ferrite regions displaying lower hardness, and areas featuring ferrite intermixed with bainite
or carbides showing higher hardness and increased heterogeneity. Moving to FM (Fig. 4-
5(c)), the ferrite regions are relatively harder when compared to FB, and we observe localized

regions of high hardness corresponding to martensite. It is worth noting that despite the
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identical nominal composition in all three cases, the hardness maps exhibit significant
variations, mirroring the trends observed in the KAM maps depicted in Fig. 4-3. It is
important to highlight that in the case of FP, the clear differentiation between bulk ferrite and
pearlite is due to the coarser length scale of the microstructure. However, in the cases of FB
and particularly FM, distinguishing between bulk ferrite and the secondary constituent
becomes less clear due to the significantly finer length scale. Consequently, quantifying the
hardness of this finer constituent presents a notable challenge. While we will delve into a
comprehensive examination of microstructure-property relationships at the micrometer length
scale in the forthcoming section, we provide a comparison of the overall hardness histograms
across the samples in Fig. 4-5(d). Notably, FP and FB samples display two distinct peaks in
their histograms, with the first peak corresponding to bulk ferrite and the second peak to the
associated secondary constituent. In contrast, the finer length scale of martensite, combined
with its widespread distribution throughout the sample, results in a single broad peak in the
case of FM. These histograms, as displayed in the plot, encompass the entirety of the map
data. To gain further insights into the evolution of each constituent with processing, it is
imperative to undertake a deconvolution of the hardness maps, which will be discussed in

detail in the next section.
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Figure 4-5: Nanoindentation hardness maps for hot rolled and coiled samples of (a) FP, (b)

FB, and (c) FM, along with (d) hardness histograms.

4.4 Discussion

4.4.1. Assessment of microstructure and mechanical property correlation at the

micrometer length scale

The preceding section has demonstrated notable localized variations in microstructure and
mechanical properties due to differences in processing conditions. It is imperative to note that

the critical start temperature and the cooling rate during the transformation from the austenite
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phase to pearlite, bainite, and martensite have substantial impact on the formation,
morphology, distribution, and resulting mechanical characteristics of these constituents. The
differences in carbon distribution during these transformation processes play a pivotal role in
shaping their distinct microstructural features and, consequently, the mechanical properties
they exhibit. As a brief recap, following hot rolling at 876°C, the specimens were subjected to
cooling to 725°C to facilitate ferrite formation. Subsequent cooling at varying rates was then
employed to reach the respective coiling temperatures, resulting in the formation of different

secondary phases or constituents.

In the case of FP, a slow cooling rate of 5°C/s was utilized to reach the coiling temperature,
which corresponds to the pearlite start temperature (Ps) at 600°C. This slow cooling rate
predominantly triggers diffusion-controlled transformation, driving the formation of pearlite.
During this process, carbon atoms diffuse from the austenite phase and redistribute into the
ferrite and cementite phases. The resulting microstructure exhibits a banded morphology of
pearlite, a characteristic feature clearly evident in Fig. 4-6(a) for FP, where pearlite bands are
surrounded by bulk ferrite. It's worth noting that prior research has demonstrated that the
major alloying element, Mn, tends to segregate significantly at both micro and macro scales,
typically falling within the range of 1.5 to 3 wt. pct, contributing to the banded structure
observed in pearlite. Consequently, ferrite formation results in a higher carbon content in the
surrounding austenite, which is rich in Mn, effectively lowering the local A3 temperature.
Subsequent cooling leads to the continued decomposition of austenite, resulting in the
formation of pearlite in a banded pattern, a characteristic prominently observed in the
microstructure of FP as depicted in Fig. 4-6(a), where pearlite bands are enveloped by bulk

ferrite.

To establish a meaningful correlation between microstructure and mechanical properties, a
comparison was made between the hardness maps and etched micrographs from a
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representative region. Fig. 4-6(b) presents the hardness map corresponding to the
microstructure showcased in Fig. 4-6(a), revealing that pearlite bands exhibit higher hardness
compared to the surrounding bulk ferrite. Employing a k-means clustering algorithm[21-23],
the hardness map can be algorithmically deconvoluted, resulting in the creation of a
deconvoluted map or mechanical phase map as depicted in Fig. 4-6(c). In this mechanical
phase map, the blue region predominantly represents bulk ferrite, while the red region
corresponds predominantly to pearlite. Upon careful examination of Fig. 4-6, it becomes
evident that the clear contrast distinctions between ferrite and pearlite observed in the
microstructure are accurately captured within the hardness map. This agreement is further
corroborated by the zoomed-in view of a small region in the micrograph (Fig. 4-6(d)) and the
corresponding hardness map (Fig. 4-6(e)), emphasizing the excellent agreement between the
microstructure and hardness map at the micrometer length scale. As previously discussed, the
hardness map of FP successfully replicates the banded morphology evident in the
microstructure. In this case, the pearlite region comprises a mixture of cementite and ferrite,
rendering it harder than the surrounding bulk ferrite. Similar to the case of microstructure and
hardness map, a comparison between the mechanical phase map presented in Fig. 4-6(c) and
the microstructure in Fig. 4-6(a) demonstrates a high degree of agreement, thus validating the
effectiveness of the deconvolution algorithm. The hardness histograms of individual
constituents obtained post-deconvolution are displayed in Fig. 4-6(f). The counts have been
normalized to reflect the relative area fractions, aligning well with the microstructural
observations. As anticipated, the ferrite peak exhibits a lower hardness of 3.5 GPa, in contrast
to the pearlite peak at 4.6 GPa, which can be regarded as the average hardness values for the

respective regions.
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Figure 4-6: (a-d) SEM micrograph, the corresponding (b-e) hardness map, (c) mechanical

phase map and (f) deconvoluted hardness distribution of FP.

In the case of FB, a relatively higher cooling rate of 20°C/s was applied up to the coiling
temperature of 450°C, which corresponds to the bainite start temperature (Bs). This
accelerated cooling process facilitated the transformation of austenite into bainite, resulting in
a fine lath-like morphology in the bainitic region, accompanied by the distribution of fine
carbides as depicted in Fig.-4-7(a) and 4-7(e). Fig. 4-7(b) presents the corresponding
hardness map, revealing two distinct regions. One region corresponds to bulk ferrite,
characterized by lower hardness, while the other corresponds to a region with a ferrite-bainite
mixture, exhibiting higher hardness. For a closer examination, a zoomed-in view of the
marked region in the micrograph (Fig. 4-7(d)) and the corresponding hardness map (Fig. 4-
7(e)) are provided. Similar to the case of FP, an exceptionally good correlation between the

microstructure and hardness at the micrometer length scale is evident. The hardness map
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effectively captures not only the bulk ferrite regions but also the local variations in hardness

within the finer-length-scale ferrite-bainite intermixed region.

The mechanical phase map, derived from the deconvolution of the hardness data into two
distinct regions, is presented in Fig. 4-7(c). In this map, the blue regions correspond to bulk
ferrite, while the red regions represent a mixture of ferrite and bainite/carbides. It's
noteworthy that assessing the hardness of the carbides/bainite, isolated from the surrounding
ferrite poses challenges due to their fine length scale. Fig. 4-7(f) displays the hardness
histograms obtained from the deconvoluted data. In these histograms, the ferrite peak is at 3.5
GPa, while the peak for the ferrite-bainite mixed region is observed at 4.5 GPa. An interesting
observation is that, unlike FP where the bulk ferrite fraction is approximately 70%, in this
case, the bulk ferrite area fraction is notably lower at 36%, with the majority, 64%,
constituting the ferrite-bainite mixed region. Furthermore, the width of the peak
corresponding to the ferrite-bainite mixture is broader, indicating an increased level of

heterogeneity within this mixed region.
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Figure 4-7: (a-d) SEM micrograph, the corresponding (b-e) hardness map, (c) mechanical

phase map and (f) deconvoluted hardness distribution of FB.

For FM, a rapid cooling rate of 80°C/s was employed up to the coiling temperature, which is
the martensite start temperature (Ms), facilitating the transformation of austenite into
martensite. As evidenced in Fig. 4-8(a), the SEM micrograph exhibits a very fine distribution
of martensite dispersed throughout the ferrite region. The corresponding hardness map is
displayed in Fig. 4-8(b). Further insight is provided through the zoomed-in view of the region
highlighted in the micrograph (Fig. 4-8(d)) alongside its corresponding hardness map (Fig. 4-
8(e)). Remarkably, despite the finer microstructure achieved in FM, a commendable
agreement between microstructure and hardness is observed at the micrometer length scale.
For instance, the martensite situated along boundaries, identifiable as bright regions in the
micrograph (Fig. 4-8(d)), exhibits a corresponding high hardness in the hardness map (Fig. 4-

8(e)). Additionally, grain interiors also display elevated hardness levels, corresponding to an
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intermediate shade of grey. It is noteworthy that in this case, the ferrite exhibits higher
hardness in comparison to FP and FB, highlighting distinctive mechanical properties within
this specific microstructure. These findings can be rationalized by differences in the cooling
rate. Higher cooling rates effectively impede the growth of ferrite, creating more nucleation
sites conducive to the formation of martensite. This results in a uniform distribution of
martensite along the boundaries and within the matrix. The deconvoluted hardness map or
mechanical phase map is illustrated in Fig. 4-8(c), with the blue regions corresponding to
ferrite and the red regions to martensite. Remarkably, this map exhibits a good agreement
with the microstructure depicted in Fig. 4-8(a), thereby validating the efficacy of the
deconvolution procedure, even when dealing with a finer length scale microstructure. The
histograms derived from the deconvoluted data are presented in Fig. 4-8(e), where the ferrite
peak is around 4 GPa, while the martensite peak is at approximately 5 GPa. It is important to
note that despite the favourable alignment between microstructure and hardness maps, the
smaller length scale of martensite, which closely approaches the indent spacing of 1 um, can
introduce an element of mutual influence from neighbouring phase in the measurement of
hardness. Consequently, this interaction may lead to an underestimation of martensite

hardness and an overestimation of ferrite hardness.
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Figure 4-8: (a-d) SEM micrograph, the corresponding (b-e) hardness map, (c) mechanical

phase map and (f) deconvoluted hardness distribution of FM.

4.4.2. Effect of coiling temperature on the microstructure and local mechanical

properties

Considering the good agreement observed between microstructure and hardness at the
micrometer length scale, and taking into account the validation of the deconvolution
algorithm detailed in the preceding subsection, it is instructive to compare the hardness of

individual constituents in response to varying processing conditions.

In Fig. 4-9, we present histograms showing the deconvoluted hardness data for bulk ferrite
and the secondary phase/constituent. In the case of bulk ferrite (Fig. 4-9(a)), it is evident that

FP and FB samples exhibit lower hardness values, measuring 3.3 GPa and 3.4 GPa,
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respectively, in contrast to FM, which demonstrates a notably higher hardness of 4 GPa. This
difference in hardness can be attributed to a combination of factors, including the presence of
finely distributed martensite, which can influence the hardness measurements, and the higher
defect density generated during rapid cooling for martensite formation. To gain a deeper
understanding of this phenomenon, it is valuable to consider prior research that has explored
the impact of martensite on the surrounding soft ferrite matrix. Bourell and Rizk [29] have
elucidated that the formation of martensite introduces localized strain in the adjacent ferrite,
consequently diminishing the overall ductility of the composite material. In the context of
dual phase steels, the cooling process from the austenitic phase to form bainite or martensite
triggers a volumetric expansion. This expansion imposes strain on the newly formed ferrite,
resulting in an enhancement of strength. This phenomenon has been quantitatively correlated
with the volume fraction and size of martensite[29]. Applying the model proposed by Bourell
and Rizk to our current study, we estimate that the additional strain induced on ferrite due to
martensite formation is approximately 1%. However, this estimation alone cannot fully
account for the measured difference in hardness, which amounts to nearly 0.7 GPa, between
the ferrite in FP and FM samples. This observation suggests that the higher measured
hardness in the ferrite of the FM sample could also be influenced by the fine and uniform
distribution of martensite throughout the sample, impacting the hardness measurements itself,
considering the measurement resolution of 1 um. This rationale can be extended to the case
of FB within the intermixed region, where the hardness of ferrite is elevated in proximity to
bainite/carbides. It is important to note that this does not apply to FP, where a banded
morphology is observed, and any increase in hardness due to the presence of the hard phase,
if any, is confined to the bulk ferrite-pearlite boundary. Further insights into this aspect have

been reported in a prior research work [22].
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Another noteworthy aspect of this study is the difference in the distribution of ferrite. The
area encompassed beneath the histograms, as illustrated in Fig. 4-9(a), serves as a relative
measure of the area fraction occupied by bulk ferrite. This measurement aligns closely with
the observations derived from the microstructure, particularly in the cases of FP and FM.
However, it exhibits a significantly lower fraction for FB. This discrepancy arises from the
fact that in the FB sample, a more substantial portion of ferrite is observed within the region

intermixed with bainite.

In the context of the secondary phase/constituents, as depicted in Fig. 4-9(b), the ferrite-
bainite mixture peak records the lowest value, at 4.4 GPa, followed by pearlite at 4.7 GPa,
and martensite at 5 GPa. This variation can be rationalized by the distinct distributions of
ferrite in the three cases. In the case of FB, the higher area fraction of the ferrite-bainite
intermixed region results in a softer ferrite constituent affecting the measurement,
consequently lowering the average hardness of the intermixed region. In contrast, the other
two cases exhibit higher hardness, either due to the elevated carbon content in the form of

cementite in FP or the presence of supersaturated carbon and increased defect density in FM.
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Figure 4-9: Comparison of hardness distribution of (a) ferrite and (b) secondary phase /

constituents in FP, FB and FM.

4.5 Summary and conclusions

This chapter presents the effect of hot rolling followed by coiling on carbon distribution and
thereby the local mechanical properties at micrometer length scale in a dual phase steel with
composition close to DP600 steel and lays a foundation for correlative characterization of

AHSS and other complex multiphase steels.

1. DP steels with three different microstructures (ferrite-pearlite, ferrite-bainite and
ferrite-martensite) at a fixed carbon content were obtained by hot rolling followed by

coiling at different temperatures.

2. As the cooling rate increases, and coiling temperature decreases, there is an
observable diminution in microstructural attributes, such as nature of secondary
phase/constituent (pearlite, bainite and martensite), grain size of ferrite, alongside a
refinement of second-phase constituents. Electron Backscatter Diffraction (EBSD)

analysis reveals a greater degree of misorientation in the ferritic matrix of ferrite-
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martensite (FM) compared to both the ferrite-bainite (FB) and ferrite-pearlite (FP) as

the coiling temperature decreases.

High speed nanoindentation mapping was used to measure the local variations in the
hardness. Excellent correlation between the microstructure and the mechanical

properties at the micrometer length scale was observed for all the samples.

. The properties of the individual phases/constituents were obtained by deconvolution

of the hardness maps and the effect of processing conditions on the distribution and
properties of individual phases has been discussed. The area fractions of bulk ferrite
are different in the three cases, whereas the hardness of bulk ferrite is similar in the
case of FP and FB and higher in the case of FM. This is attributed to the fine
distribution of martensite and the localized strain induced during martensite
formation. In the case of the secondary phase/constituents, the ferrite-bainite mixture

shows the lowest hardness compared to pearlite and martensite.

. These results demonstrate the ability of nanoindentation mapping to capture the local

variations in hardness at the length scale encountered in DP steels and opens the doors
for correlative characterization and development of next generation AHSS and

multiphase steels.
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Chapter 5 Effect of cold rolling on microstructure and
mechanical properties of C-Mn Advanced High Strength Sheet
steel

Advanced high-strength steels (AHSS) have wide variety of applications in various parts of
car body due to their combination of good strength and ductility. In recent years significant
efforts have been made to further enhance the mechanical properties of these steels by
altering the thermomechanical processing (TMP). While a dual phase ferrite-martensite
microstructure obtained after inter-critical annealing is the typical end result, several prior
processing steps including hot rolling, coiling, cold rolling, etc have significant effect on the
final microstructure. In this regard, we generate different dual phase microstructures with
ferrite matrix along with pearlite, bainite and martensite for a DP600 grade sheet steel. The
different microstructures are obtained by coiling at different temperatures subsequent to hot
rolling which was discussed in the previous chapter. In this chapter, we focus on cold rolling
after coiling. The microstructure and mechanical properties of these specimens were
characterized by various tools such as optical, SEM, EBSD, Vickers hardness and high speed
nanoindentation mapping. An assessment of the microstructure-property correlation at the
micrometer length scale will be presented along with quantification of the local hardness of
the matrix and second phase for different levels of cold rolling. The texture evolution during
the cold rolling is also discussed. A discussion on the effect of second phase on the

microstructure and hardness evolution will also be presented.

5.1 Introduction:

High strength and advanced high strength steel (AHSS) grades such as dual phase, complex
phase transformation induced plasticity [1], and bainitic-martenistic steels [2] have been
developed in response to the need to increase fuel efficiency by reducing the weight of

vehicles and to reduce greenhouse gas emissions[3-5]. The primary requirements of AHSS
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are good ductility and formability in addition to high strength [1] with yield strength
preferably greater than 750 MPa[6]. The aforementioned steel grades, however, comprise two
or more microstructural components with varying degrees of strength. Such a microstructure
causes localised strain and defect development along interphase boundaries or within any
constituent, which affects the formability[7,8]. A single-phase ferrite microstructure is
advantageous in this regard as it ensures homogeneous deformation during forming, ensuring
good hole-expansion and stretch-formability characteristics[1]. However, it has limited
strength It is well known that DP and TRIP steels provide a superb balance of mechanical
qualities, including high strength and ductility which are significantly influenced by the
second phase morphology, distribution, and area percentage of martensite [9-11]. Cold
rolling increases the strength at the cost of ductility, which again depends on the nature of the
second phase/constituent. The effect of initial microstructure with different second phase
constituents like pearlite, bainite and martensite along with the ferrite matrix for a fixed

carbon content has not been comprehensively investigated.

The microstructural and textural evolution of low carbon steels with a single ferrite phase
following various cold reductions has been extensively studied[12-15]. The degree of
deformation and defect density of the material increase with higher cold rolling reduction. In
IF steels, homogeneous deformation enhances the development of texture[12,15,16]. Kernel
Average Misorientation (KAM) derived from Electron Backscatter Diffraction (EBSD) is
employed for the assessment of heterogeneity by examining strain localization [17,18]. The
effect of misorientation on hardness in nickel-based superalloys was qualitatively studied by
Shen et al. [19] using nanoindentation. However, the same relationship in different grades of
high strength steels, such as DP steels, which have a composite ferrite microstructure with
various secondary phase constituents (pearlite/bainite/martensite) after cold rolling, has not

been well explored. The heterogeneous microstructure makes it difficult to understand how
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cold rolling affects the deformation mechanisms, microstructural and texture evolution, and
mechanical properties of each phase. As we have shown in the previous chapter, the local
mechanical property at the micrometer length scale can be measured by nanoindentation. This
chapter investigates how the microstructure and the mechanical properties at this scale are

related after cold rolling, using electron microscopy and nanoindentation[20].

5.2 Experimental procedure:

5.2.1 Material composition and phase fraction:

Dual phase steel with a composition close to DP600 is hot rolled and coiled as described
earlier. The chemical composition and processing of hot rolled and coiled microstructures are
discussed in chapter 4. Subsequently, aforementioned three different hot rolled specimens
were cold rolled up to 2.4 mm and 1.2 mm thickness through 60% and 80% cold reduction.
Mechanical polishing was carried out using SiC papers, followed by coarse alumina polishing
and vibratory polishing with fine colloidal silica of 40 nm for 10 hr[21] for further

characterization.

5.2.2 Microstructural and mechanical characterization

Microstructural characterization was carried out using optical microscope and scanning
electron microscope (SEM). For the microstructural characterization the specimens were
prepared by mechanical polishing and then etched with 2% Nital solution which contains 2%
nitric acid and 98 ml of ethanol to reveal the microstructure. Additionally, EBSD analysis of

these samples were carried out as described earlier.

On these well-polished samples, microhardness and nanoindentation measurements were
performed[22], as per the procedure detailed in chapter 3. In order to obtain a deconvoluted

map or mechanical phase map, the large hardness data set containing 3600 data points each
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obtained from mapping were deconvoluted using the k-means clustering algorithm, as

described elsewhere[23,24].

In order to analyse the qualitative and quantitative correlations between microstructure and
properties, as was mentioned in chapter 3, each phase's characteristics were deconvoluted.
Nanoindentation maps and the corresponding SEM micrographs were used to assess the
correlations. Ferrite and second phases from EBSD data were distinguished using 1Q maps
as mentioned in chapter 3. The KAM values of the ferrite and second phases were extracted

and the corresponding distribution are used for further analysis.

5.3 Results:

5.3.1 Microstructure after hot rolling and cold rolling:

The microstructural evolution of hot rolled and coiled samples presented in chapter 4 are
shown in Fig. 5-1(a), along with the cold rolled microstructures after 60% and 80%
reduction, in Fig. 5-1(b) and 5-1(c), respectively. The microstructures show two constituents -
ferrite (Dark Gray) and secondary constituents which are shown by the lighter shade. Fig 5-
1(a) shows the hot rolled microstructures for FP, FB and FM, where the FP shows the banded
type morphology and FB and FM show no banding and fine distribution of second phase. Fig.
5-1(b) shows the cold rolled microstructures after 60% of cold reduction. In FP case the
ferrite and pearlite bands are elongated along the rolling direction with decrease in the band
width. In FB and FM, the second phase constituents are fragmented and the grains are
elongated. Fig. 5-1(c) shows the cold rolled microstructures after 80% reduction, leading to
pronounced distortion and alignment of the ferrite phase in the direction of deformation. The
pearlite bands also show elongation along the rolling direction, accompanied by finely
fragmented cementite. Bainite undergoes substantial fragmentation and dispersion within the

ferrite matrix. In the case of FP, the resulting microstructure is refined with elongated ferrite
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grains along the deformation direction, along with more fragmented and uniformly

distributed martensite particles in the ferrite matrix.

Hot rolled and Coiled 60% Cold Rolled 80% Cold Rolled

Figure 5-1: Etched SEM micrographs of FP, FB and FM after (a) hot rolling and coiling, (b),
60% cold rolling and (c) 80% cold rolling.

5.3.2 EBSD-KAM analysis of cold rolled samples:

The Kernel Average Misorientation (KAM) has been employed to analyse the dynamic
evolution of misorientation and strain localization within ferrite and secondary constituents,
including pearlite, bainite, and martensite, with varying degrees of deformation (i.e., 60% and
80% reduction). As shown in Fig. 5-2, the KAM map is utilized to quantify the average
misorientation of data points in relation to their fifth nearest neighbours, with a threshold set
at a maximum misorientation of 5°. The color-coded representation denotes varying degrees
of misorientation in the microstructure, where the color blue mostly signifies a strain-free

region with misorientations less than 1°, green ranges from 1-2°, yellow 2-3°, orange 3-4°,
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and red ranges from 4-5°. It is noteworthy that higher KAM values correspond to
microstructures exhibiting elevated levels of defects and lattice distortion [25]. In the KAM
map for FP, ferrite shows lower misorientation whereas the second phase constituents show
higher misorientations in hot rolled as well as in cold rolled state (60% and 80%). Also, the
misorientation increases with increasing extent of cold rolling for all the samples.

Furthermore, the disorientations are higher in the case of FM compared to the other samples.

Hot rolled and C01]ed 60% Cold olled B 80% Cold Rolled ‘

Awwaolg
=
=
)
x

U’I-b@f\)-*l

H00EN

Figure 5-2: KAM maps of FP, FB and FM after (a) hot rolling and coiling, (b), 60% cold

rolling and (c) 80s% cold rolling.

83



5.3.3 KAM distribution of ferrite and second phases:

The partitioning of ferrite and secondary phase constituents was carried out using Electron
Backscatter Diffraction (EBSD) 1Q maps, with subsequent extraction of Kernel Average
Misorientation (KAM) values for each constituent. In this section we present the changes in
misorientation across samples for the individual constituents. The partitioning of individual

phases/constituents from EBSD (1Q based) has been discussed in chapter 3.

The KAM histograms after partitioning for all the samples, including hot-rolled and coiled
samples (representing 0% cold rolling), as well as samples subsequently subjected to 60%
and 80% cold rolling are shown in Fig. 5-3. In the case of ferrite in all the samples (FP, FB
and FM), as illustrated in Fig. 5-3(a), the misorientation increases with cold rolling as
expected. A slight increase in misorientation for 80% compared to 60% is also observed.
These results indicate that 60 % cold rolling increases the defect density considerably
whereas further cold rolling only has a marginal effect. Similar trend is observed in the case

of the secondary constituents across all the samples as shown in Fig. 5-3(b).
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Figure 5-3: Kernel Average Misorientation (KAM) distribution for (a) ferrite and (b)

secondary constituents following hot rolling and coiling (i.e., 0%), as well as after 60% and

80% cold rolling for FP, FB and FM.

5.3.4 Vickers m

icrohardness:

In Fig. 5-4, the microhardness data, obtained through Vickers indentation, is presented for

samples subjected to hot rolling and coiling (representing 0% cold rolling), and cold rolling

reductions of 60% and 80%. The microhardness exhibits an increasing trend starting with FP
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(ferrite pearlite), followed by FB (ferrite bainite), and ultimately FM (ferrite martensite). This
trend can be attributed to the higher hardness of the martensitic structure formed via rapid
cooling, which can refine the ferrite microstructure and enhance local matrix strength due to
the presence of a higher dislocation density. As the degree of cold rolling increases from 60%
to 80%, the plastic strain imparted to the samples increases, leading to a greater accumulation
of dislocations within the three samples. Consequently, the hardness values increase from FP
to FM. It may be noted that due to the relatively larger size of the hardness impressions in
comparison to the microstructural length scale, detailed information of the deformation at the
microstructural level is limited. To gain deeper insights at smaller length scales,

nanoindentation testing has been employed[22].
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Figure 5-4: Micro Vickers hardness as a function of cold rolling reduction for FP, FB and FM.
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5.3.5 Nanoindentation mapping:

Representative high speed nanoindentation maps are shown in Fig. 5-5 for all the three
samples. The hardness map of FP in hot rolled and coiled condition clearly reflects the
banded nature of the microstructure, with the bulk ferrite being softer than pearlite as
discussed in the previous chapter. After cold rolling to 60 and 80% reduction, the hardness
map shows elongated grains of ferrite and pearlite along the rolling direction. It also shows
that the hardness increases in both the constituents. In the case of FB, the bulk ferrite regions
are similarly lower in hardness compared to the regions with ferrite intermixed with bainite /
carbides which show higher hardness and increased heterogeneity in the hot rolled state. With
cold rolling, the ferrite and bainitic region grains are elongated along the rolling direction and
the hardness increases in all the regions, especially after 80% cold rolling. Finally, in the case
of hot rolled and coiled FM, the ferrite regions are relatively harder compared to FB and FP,
and locally high hardness regions corresponding to martensite can be observed. This trend
continues with cold rolling and results in a band-like morphology in hardness after 80% cold
rolling. Also, higher hardness is observed in both ferrite and the martensite regions which
further increases upon cold rolling. In spite of the nominal composition being identical in all
the three cases, the hardness maps show significant variations which are similar to those
observed in the KAM maps shown in Fig. 5-3. It may be noted that clear distinction between
bulk ferrite and second phase constituents in hot rolled and coiled becomes less obvious after

cold rolling.
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Figure 5-5: Nanoindentation hardness maps of FP, FB and FM after (a) hot rolling and
coiling, (b), 60% cold rolling and (c) 80s% cold rolling.

5.3.6 Hardness distribution:

The quantification of hardness maps shown in the previous sub-section is presented here by
way of histograms which enables easy comparison across samples. The histograms after hot
rolling and coiling and subsequent cold rolling are shown in Fig. 5-6 for FP, FB and FM. In
the case of the FP (Fig. 5-6a red color), it is notable that under hot-rolled and coiled
conditions, a bimodal distribution is observed. These peaks correspond to the hardness values
of the ferrite and pearlite phases. Ferrite has a lower hardness, while pearlite has a higher
hardness. Upon cold rolling to 60% and 80% a single broad distribution is observed and its
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position shifts towards higher hardness values, indicating that the hardness of both ferrite and
pearlite increases, as depicted by the olive green and blue-colored regions in Fig. 5-6(a). The
observation of a single broad peak can be attributed to the greater extent of increase in
hardness in ferrite compared to pearlite. In the case of FB shown in Fig. 5-6(b), the red peak,
representing the hardness of the hot-rolled and coiled FB (ferrite bainite) sample, shows two
distinct peaks. Similar to the case of FP, these peaks correspond to the hardness values of the
ferrite (lower hardness) and the bainitic region, inclusive of ferrite and bainite/carbides
(higher hardness). As the sample undergoes 60% and 80% cold reduction, the hardness peaks
shift towards higher values, demonstrating an increase in hardness, as indicated by the olive
green and blue-colored regions. After 80% cold rolling a single broad peak is observed much
like FP. In the case of FM shown in Fig. 5-6(c) a single peak is observed in all cases. With the
peak clearly shifting to higher hardness with increasing amount of cold rolling. It is worth
noting that the presence of martensite, with a finer length scale and distributed throughout the
sample, results in a single broad peak in the case of FM. The histograms shown in this plot
for all the samples are for the entire mapped region that includes both the constituents. For a
more comprehensive understanding of the evolution of hardness with processing, it is
essential to investigate variations within each constituent separately. This can be achieved

through the deconvolution of the hardness maps, which will be discussed in the next section.
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Figure 5-6: The effect of processing conditions such as hot rolling and coiling, cold rolling

for different initial microstructures on hardness of (a) FP, (b) FB and (c) FM.

5.4. Discussion:

This section will cover two distinct topics: the analysis of microstructure and mechanical
properties at the micrometer length scale[26], and a deeper exploration of how individual
phases/constituents (ferrite, pearlite, bainite, and martensite) influence the relationship

between structure and properties during cold rolling.

The preceding section has demonstrated noticeable localized variations in microstructure and
mechanical properties, primarily stemming from disparities in processing conditions. These
variations are intricately tied to the formation, morphology, distribution, and ensuing
mechanical characteristics of constituent phases, and are significantly influenced by the
critical initiation temperature and the cooling rate during the transformation from austenite to
pearlite, bainite, and martensite. Distinct microstructural features and, consequently,
mechanical properties[26] arise from differences in carbon distribution throughout these
transformations. Following the hot rolling and coiling processes, samples undergo cold
rolling deformation at levels of 60% and 80%, leading to plain strain deformation in the

material, thereby impacting both microstructure and mechanical properties.
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5.4.1 Assessment of microstructure and mechanical property correlation at the

micrometer length scale in Ferrite-Pearlite (FP):

In Fig. 5-7, a comparison of microstructure and mechanical properties is shown in the case of
FP, through scanning electron microscopy (SEM) and nanoindentation mapping. It is evident
that during the initial stages, involving hot rolling and coiling (with 0% cold rolling), a
banded morphology apparent in both the ferrite and pearlite. Subsequent cold rolling is found
to result in grain elongation along the rolling direction, as shown in Fig. 5-7. This can be
attributed to the accommodation of plastic strain within the material, which imparts a
significant level of strain in both ferrite and pearlite, which, in turn, has an observable impact
on the mechanical properties. This effect is evident in the Vickers hardness measurements
presented earlier, where an increase in cold reduction leads to a corresponding increase in
hardness. This increase in micro hardness reflects the composite hardness of both the
constituents which can be deconvoluted from nanoindentation measurements. These
nanoindentation hardness measurements shown in the figure can provide a clear
differentiation in hardness between the ferrite and pearlite regions from the deconvoluted
maps. This map shows the hardness data classified into two distinct bins, where the blue
color signifies ferrite, and the red color represents pearlite. The deconvoluted map
demonstrates a strong agreement with the SEM micrograph, clearly capturing the contrast
differences between the two constituents. The hardness histogram obtained from the
deconvoluted data enables a direct quantitative comparison of the hardness of the
constituents. It may be observed that as cold reduction levels increase, the peaks associated
with ferrite and pearlite undergo a rightward shift. This shift signifies that with greater
degrees of rolling reduction, both ferrite and pearlite constituents exhibit increased hardness,
which can be attributed to the accommodation of strain within the material. In summary, it

can be concluded that a good correlation between microstructure, hardness map and the
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deconvolution map at the micrometer length scale is observed during cold rolling. A detailed
analysis of the evolution of hardness of each constituent with cold rolling for all the samples

will be presented in section 5.4.4.
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Figure 5-7: SEM micrograph along with corresponding hardness map and deconvoluted map
with two bins and the hardness histogram of FP after hot rolling and coiling (0% cold rolled),

and subsequent 60% and 80% cold rolling.

5.4.2 Assessment of microstructure and mechanical property correlation at the

micrometer length scale in Ferrite-Bainite (FB):

In Fig. 5-8, microstructure of hot-rolled and coiled specimens, as well as cold-rolled
specimens are shown along with the corresponding nanoindentation maps for the case of
ferrite-bainite (FB). The microstructure after hot rolling and coiling shows bulk ferrite and
bainitic regions. The bainitic region exhibits a mixture of bainitic ferrite and bainite, featuring
finely dispersed carbides. Cold rolling induces elongation of grains along the rolling

direction, leading to progressive refinement and fragmentation of equiaxed grains. With
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increasing rolling reduction, refinement in the microstructural length scale is observed.
Examining the hardness maps in Fig. 5-8, hot-rolled and coiled specimens (representing 0%
cold rolling) reveal bulk ferrite characterized by lower hardness, depicted in blue on the
hardness map. Additionally, the bainitic region, featuring bainitic ferrite and bainite, exhibits
a predominantly cyan color with localized regions with higher hardness, both of which are
higher compared to bulk ferrite. The deconvoluted map, generated through a k-means
clustering algorithm based on the hardness map, shows good agreement with the SEM
micrograph. The hardness histogram obtained after deconvolution shows the corresponding
distribution of ferrite and bainite, revealing lower hardness in bulk ferrite and higher hardness
in the bainitic region. The rightward shift in the peaks of both the constituents with cold

rolling can be observed as expected.
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Figure 5-8: SEM micrograph along with corresponding hardness map and deconvoluted map
with two bins and the hardness histogram of FB after hot rolling and coiling (0% cold rolled),

and subsequent 60% and 80% cold rolling.
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5.4.3 Assessment of microstructure and mechanical property correlation at the

micrometer length scale in Ferrite-Martensite (FM):

In Fig. 5-9, microstructure of hot-rolled and coiled specimens, as well as cold-rolled
specimens, are shown along with the corresponding nanoindentation maps for the case of
ferrite-martensite (FM). The hot-rolled and coiled samples (0% cold rolling) reveal a finely
dispersed distribution of martensite within the ferrite region and along grain boundaries. The
hardness map distinctly captures the high hardness of martensite, denoted in red, and the
cyan-colored ferrite, indicative of elevated hardness resulting from a rapid cooling rate and
the fine distribution of martensite throughout the ferrite region. In the case of cold-rolled
samples at 60% and 80%, the microstructure shows elongated grains along the rolling
direction, attributed to deformation effects. The hardness map illustrates increased hardness
in the 80% cold-rolled specimen, attributed to the higher dislocation density. The martensite
structure itself results in higher hardness and the further cold rolling amplifies this effect,
contributing to the observed higher hardness. The deconvoluted map shows the martensite in
red and the ferrite in blue. The hardness histogram obtained from the deconvoluted data
provides a quantitative estimate of the hardness of ferrite and martensite. The hardness
histogram systematically depicts an increase in hardness for both ferrite and martensite
phases with an increasing cold rolling reduction, underscoring the influence of deformation
on the mechanical properties of the material. It may be noted that the given the fine length
scale of martensite, its hardness may be influenced by the surrounding ferrite and with

increase in cold rolling it can result in an apparent increase in hardness of martensite.
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Figure 5-9: SEM micrograph along with corresponding hardness map and deconvoluted map
with two bins and the hardness histogram of FM after hot rolling and coiling (0% cold

rolled), and subsequent 60% and 80% cold rolling.

5.4.4 Comparison of properties of individual constituents

In this section, the hardness of the individual constituents presented in the previous section
will be analysed as a function of the extent of cold rolling and compared to that of hot rolling
as well. Fig. 5-10 shows the individual hardness histograms of ferrite and the secondary
constituents of FP, FB and FM. In the color scheme, red represents hot-rolled and coiled
samples, olive green represents 60% cold-rolled samples, and blue represents 80% cold-
rolled samples. Fig. 5-10(a) shows hardness histograms of ferrite in FP, FB, and FM, while
Fig. 5-10(b) shows hardness histograms of secondary constituents in FP, FB, and FM. In FP,
the ferrite phase and second-phase constituents exhibit low hardness in the hot-rolled and
coiled condition. A discernible increase in both phases is observed with cold rolling,

indicative of deformation-induced hardness increases due to work hardening. Similar trends
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are observed in FB and FM, where both ferrite and second-phase constituents exhibit a
rightward shift (higher hardness) in hardness peaks with increasing cold rolling reduction.
Notably, FM exhibits a more pronounced peak shift compared to FB and FP. The increased
hardness in FM is attributed to its formation at lower coiling temperatures, coupled with a
higher cooling rate, resulting in a structure with increased defect density. Cold rolling further
induces strain, leading to a higher dislocation density in the material. In FB, the bulk ferrite
shows lower hardness, while the bainitic region, characterized by a mixture of ferrite, bainite,
and fine carbides, shows higher hardness as expected. In FP, lower hardness is observed in
the ferrite and pearlite region compared to FB and FM. This is attributed to the equiaxed
grain structure and the eutectoid mixture of ferrite and cementite formed at higher coiling

temperatures with a lower cooling rate.
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Figure 5-10: Deconvoluted hardness histograms of (a) ferrite and (b) secondary constituents
of FP, FB and FM.

5.4.5 Texture analysis:

Fig. 5-11 illustrates the optimal positioning of the most significant BCC texture component
within the ¢2 = 45° section of Euler space. Crystallographic texture denotes the favoured
alignment of crystalline grains in a polycrystalline material. An ideal body-cantered cubic
(BCC) texture refers to a distinct arrangement of crystallographic orientations within a

material of BCC structure. This texture is visually represented through a pole figure, a two-
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dimensional plot showcasing the distribution of crystallographic directions in the material.
Essentially, a pole figure acts as a graphical representation of the preferred crystallographic
orientations in a material, often depicted in a stereographic projection where each point
corresponds to a specific crystallographic direction. For instance, in BCC metals like alpha
iron, texture analysis frequently focuses on the (110) planes. The intensity of peaks in the
pole figure indicates the prevalence of grains oriented in particular directions, with higher

intensities reflecting a greater proportion of such grains.
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Figure 5-11: Ideal positions of the most important BCC texture components in the ¢2 =45°

section of Euler space[27].

Fig. 5-12 shows the ODFs of the samples with different initial microstructures (FP, FB, and
FM) after hot rolling and cold rolling to 60% and 80% reduction. The initial microstructures
after hot rolling show a random texture, as seen in Fig. 5-12(a). Cold rolling to 60% reduction
induced both RD and ND fibre texture components in all the microstructures, as shown in
Fig. 5-12(b). However, cold rolling to 80% reduction resulted in different texture behaviours
for different microstructures. The FP microstructure maintained the RD-ND fibre texture

components, while the FB/FM microstructures showed only the RD fibre texture components

98



and lost the ND fibre texture components. These results indicate that the initial microstructure
and the rolling reduction affect the texture evolution. The detailed changes in the texture
components are discussed below.

Hot rolled and coiled 60% Cold rolled 80% Cold rolled

Figure 5-12: ODF plots after (a) hot rolling and coiling (0% cold rolled) (b) 60% cold rolling
and (c) 80% cold rolling.

As shown in Fig. 5-13(a) the FP microstructure had a random texture after hot rolling, with
the highest texture intensity on the RD fibre at the (115) [1-10] component (2.9x RI) and on
the ND fibre at the (111) [1-21] component (2.9x RI). Some other components, such as

rotated GOSS (3.7x RI) and rotated cube (2.8x RI), were also observed. Cold rolling to 60%
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reduction enhanced both the RD and ND fibre texture components. On the RD fibre, the
(115) [1-10] component rotated toward the stable (225) [1-10] component and increased its
intensity to 4.5x RI. On the ND fibre, the (111) [1-21] and (111) [0-11] components
strengthened with 4.6x RI. The rotated cube component remained at 2.8x RI after cold rolling
to 60%. Further cold rolling to 80% reduction increased the intensity of the (225) [1-10]
component to 5.6x RI on the RD fibre. The ND fibre texture weakened at the (111) [0-11]
component (3.6x RI) and showed the presence of the (554) [-2-25] component (2.9x R1). The

rotated cube component increased its intensity to 3.7x RI after cold rolling to 80%.

In the case of FB shown in Fig. 5-13(b), a random texture after hot rolling, with the highest
texture intensity on the RD fibre at the (115) [1-10] component (2.9x RI) was observed. The
ND fibre components deviated slightly from the ideal orientation. Other components, such as
rotated GOSS (1.8x RI) and rotated cube (3.2x RI), were also observed. Cold rolling to 60%
reduction induced both the RD and ND fibre texture components. On the RD fibre, the (115)
[1-10] component rotated toward the stable (112) [1-10] component and increased its
intensity to 2.5x RIl. Some other orientations parallel to the RD fibre components were also
detected with 3.5x RI. On the ND fibre, the (111) [0-11] component strengthened with 2.8x
RI. The rotated cube component decreased its intensity to 1.8x RI after cold rolling to 60%.
Further cold rolling to 80% reduction increased the intensity of the (112) [1-10] component to
3.7x Rl on the RD fibre. The ND fibre texture weakened at the (111) [0-11] component (1.7x
RI) and showed the presence of the (554) [-2-25] component (2.6x RI). The rotated cube

component increased its intensity to 2.7x Rl after cold rolling to 80%.

In the case of FM shown in Fig. 5-13(c), a random texture after hot rolling, with the highest
texture intensity on the RD fibre at the (115) [1-10] component (2.7x R1) and on the ND fibre
at the (111) [2-31] component (2.9x RI) was observed. Other components such as rotated
cube (1.9x RI), were also observed. Cold rolling to 60% reduction induced both the RD and
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ND fibre texture components. On the RD fibre, the (115) [1-10] component increased its
intensity to 4.9x Rl and the (445) [4-94] component parallel to the RD fibre appeared with
4.5x RI1. On the ND fibre, the (111) [1-21] component strengthened with 3.2x RI. The rotated
cube component increased its intensity to 3.8x RI after cold rolling to 60%. Further cold
rolling to 80% reduction resulted in different texture behaviours on the RD and ND fibres. On
the RD fibre, the (335) [1-10] component showed up with 2.3x RI. On the ND fibre, the (111)
[0-11] component weakened with 1.4x Rl and the (554) [-2-25] component was present with

2.2x RI. The rotated cube component decreased its intensity to 2.1x RI after cold rolling to

80%.
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Figure 5-13: Alpha fibre and gamma fibre of hot rolled and coiled, 60% and 80% cold rolled
samples of (a) FP, (b) FB and (c) FM.

5.5 Summary and conclusions:

In this chapter, the effect of cold rolling subsequent to hot rolling and coiling on the

microstructure, texture and mechanical properties is presented. The findings establish a
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groundwork for correlative characterization methodologies applicable to Advanced High-

Strength Steels (AHSS) and other intricate multiphase steel alloys.

1. Specimens with similar nominal carbon content but different microstructures, viz.,
ferrite-pearlite (FP), ferrite-bainite (FB) and ferrite-martensite (FM), obtained by hot
rolling followed by coiling at different temperatures were subjected to different

extents of cold rolling (60 % and 80 %).

2. High misorientation was observed in 80% cold rolled samples, followed by 60% cold
rolled samples, and low misorientation is seen in hot rolled and coiled samples, based

on the kernel average misorientation.

3. Similar trend was observed in Vickers micro hardness wherein higher hardness is
observed in 80% cold rolled samples, followed by 60% cold rolled samples, and low

hardness in hot rolled and coiled samples due to lower extent of work hardening.

4. Nanoindentation mapping was used to obtain the variation in the hardness of ferrite
matrix and the corresponding second phase / constituent (pearlite/bainite/martensite)

as a function of extent of cold rolling.

5. Excellent correlation between microstructure and mechanical properties was observed

at the micrometer length scale for all the cases.

6. With increasing amount of cold work, the hardness of the ferrite matrix phase
increased, and the hardness of ferrite after cold rolling shows a dependence on the
second phase/constituent clearly indicating the role of the second phase in the

deformation.

7. In the case of 60% cold rolling reduction, the strengthening of fibers aligned with the

rolling direction (RD) and normal direction (ND) is observed for all the samples as
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the transition is made from hot rolling to cold rolling. Further increasing the rolling
reduction to 80%, similar trend is observed in the case of in FP. However, in the case

of FB and FM, random orientation is observed.
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Chapter 6 Effect of initial microstructure on recrystallization and
local mechanical properties in dual phase steels

A systematic experimental investigation was undertaken to provide insights on the role of
secondary constituents on the recrystallization of dual-phase steels at the micrometer length
scale. Three distinct combinations of dual phase microstructures, with ferrite as the matrix,
were selected and subjected to cold rolling, followed by recrystallization at 725°C for varying
holding intervals. The microstructural observed at each stage exhibited several distinct
features, including strain accumulation, hardening, subsequent recrystallization and
precipitation. Electron microscopy and nanoindentation were employed to capture the
microstructure and local mechanical properties at each stage at the micrometer length scale. A
comprehensive understanding of role of ferrite and second phase / constituent at each stage,
both structurally and mechanically, was facilitated through direct correlations between
microstructure, misorientation, and deconvoluted hardness or mechanical phase maps. The
driving force and competition between various processes during recrystallization are also

discussed.

6.1 Introduction:

The widely used category of high-strength automotive sheet steels, such as dual-phase (DP)
steels, exhibit a commendable combination of ductility and strength [2] These steels are and
will continue to be the most often utilised in current and future cars [3] due to high strength to
weight ratio which improves fuel efficiency [2,4] . The ability to balance ductility without
compromising strength is determined by how well one can regulate the thermomechanical
cycle to influence the type, size, shape, and distribution of the hard constituents in the soft

matrix [5,6] of the DP steels. Ferrite-martensite is the proved potential candidate providing
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excellent combination of strength and formability due to its load partitioning, initial strain
hardening and toughness. The ability to tailor the martensite size, fraction and distribution in
the ferrite matrix is majorly driven by the initial microstructure, prior deformation and
annealing temperature that eventually influences the ferrite recrystallization and austenite
formation[7] [8]. It was also reported that using martensite as the initial microstructure with
high heating rate causes enhanced recrystallization resulting in finer microstructure, which
offers better prperties [9,10]. However, the microstructures which includes other constituents
such as ferrite-bainite-pearlite, and ferrite-pearlite with 50% cold deformation resulted in
slower Kinetics for recrystallization which also affects the subsequent austenite formation at
higher temperatures [11]. The energy stored within the material in the form of strain due to
prior deformation or due to the intrinsic attributes will determine the actual driving force for
recrystallization and phase transformation [12-14]. During deformation of samples with dual
phases microstructure, the softer component will have a greater tendency to accommodate
deformation and subsequently it undergoes faster recrystallization. The amount of strain
accumulation depends on various factors like extent of deformation, size and distribution of
hard phase, etc. Rana et.al. [15] showed deformation concentration in soft matrix (ferrite)
when it deforms along with hard phases (martensite) [16] with digital image correlation
(DIC). The grain size and volume percentage of the martensite had a substantial impact on
load partitioning. Partitioning occurs when grain size decreases and volume fraction increases
due to the development of higher stress triaxiality by creating more opportunities to resist
deformation [15,17]. Along with the initial microstructure and stored energy in terms of
induced strain, annealing process parameters like temperature, heating rate, and holding
intervals have a substantial influence on the kinetics of ferrite recrystallization. During
annealing, several processes such as recovery, recrystallization, grain growth and phase

transformation, may suppress, dominate, or overlap with each another[7]. For example, a
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strong competition between recrystallization and austenite formation [7]was observed in dual
phase steels with increasing heating rate [9]. Li et al. showed that the fraction of
recrystallized grains decreased and delay in spheroidization of cementite in the lamellae of
pearlite was observed with increasing heating rate [18]. Defect rearrangement, grain
boundary mobility and carbon diffusion are temperature and time-controlled phenomena
which can be significantly affected by the heating rate. Interestingly, during the early phase of
recovery/recrystallization in dual phase [7] deformed steels, an increase in hardness has been
reported, which has been attributed to the formation of Cottrell atmosphere which leads

localized bake hardening [19,20].

While recrystallization in dual phase steels has been widely studied at the macroscale, similar
studies at the micrometer length scale or at the length scale of the constituent phases, are
limited. Given that multiple physical mechanisms can operate during recrystallization which
in many cases compete, it is important to be able to track the local mechanical properties of
the constituents at micrometer scales and accordingly relate that to the microstructural
evolution to enable a comprehensive understanding of recrystallization in dual phase steels.
Hence, in this chapter, a systematic attempt is made to understand some of these concurrent
events during recrystallization at the scale of the microstructure. Three different dual phase
microstructures, ferrite-pearlite (FP), ferrite-bainite (FB), ferrite-martensite (FM) were
produced from a steel with nominal composition of DP600 after hot rolling and coiling,
followed by cold rolling. These three microstructures are subjected to high temperature
annealing at 725°C to understand the events during recrystallization by utilizing electron

microscopy and nanoindentation.

110



6.2 Experimental procedure:

6.2.1 Material composition and phase fraction:

The microstructure of the hot-rolled and coiled sheet close to DP600 composition, was
extensively discussed in Chapter 4. These samples were subjected to cold deformation of
80%, as detailed in Chapter 5. Subsequently, the sheets underwent annealing in a salt bath
furnace at a temperature of 725°C, intentionally maintained below the critical temperature
(AC1). The heating rate employed in the salt bath furnace was 185°C/s, followed by specific
soaking durations of 10s, 30s, 60s, 180s, 300s, 600s, and 900s. The annealed sheets were then

subjected to rapid water quenching to preserve the microstructure.

6.2.2 Microstructural and mechanical characterization:

The specimens underwent standard polishing procedures for scanning electron microscopy
(SEM), and electron backscatter diffraction (EBSD), as extensively discussed in Chapter 3.
The EDAX OIM software was subsequently employed for analysis. Electron backscatter
diffraction kernel average misorientation (EBSD-KAM) maps were generated with a 5th
nearest neighbour criterion and a misorientation threshold set at 3°. The bulk hardness of the
specimens was determined using the Tinius Olsen FH-006 series of Vickers hardness tester.
Local mechanical properties were measured using the high-speed nanoindentation technique,
NanoBlitz 3D+. The mapping was conducted with a commercially available nanoindenter,
iMicro®, featuring an InForce50 actuator from Nanomechanics Inc. (now KLA, Oak Ridge,
USA) [20]. For each map, a total of 3600 indents were placed in a grid pattern of 60X60

indents, with a spacing of 1 um and a maximum indentation depth of 100 um [21].
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6.3 Results:

6.3.1 Microstructure after cold rolling:

The microstructure after 80% cold rolling (prior to annealing) is shown in Fig. 6-1 for FP, FB
and FM. Fig. 6-1(a) shows the 80% cold rolled ferrite-pearlite (FP) microstructure which
consists of the banded type structure with elongated grains along the rolling direction of
ferrite and pearlite, accompanied by finely fragmented cementite, as seen from the higher
magnification image of Fig. 6-1(a). In the case of FB shown in Fig. 6-1(b), the cold
deformation process resulted in severe distortion and alignment of the ferrite phase along the
deformation direction, while the bainite underwent significant fragmentation and dispersion
throughout the ferrite matrix. Unlike the pearlite, which formed clear bands, the bainite had a
more uniform distribution in the microstructure. The deformation effects on the ferrite and
martensite phases in the FM microstructure are shown in Fig. 6-1(c). Compared to the FB
microstructure, the FM microstructure exhibited more refined and elongated ferrite grains
along the deformation direction, as well as more fragmented and uniformly distributed
martensite particles in the ferrite matrix. This could be attributed to the enhanced load

partitioning that occurred between the hard martensite phase and the soft ferrite phase.
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Figure 6-1: SEM micrographs after 80% cold rolling, along with their higher magnification

images for (a) FP, (b) FB, and (c) FM.

6.3.2 Microstructural evolution during annealing at 725°C:

The samples that underwent 80% cold rolling were annealed at 725°C with a high heating rate
of 185°C/s in salt bath furnace and immediately quenching in water. The SEM micrographs of
the annealed FP, FB and FM samples with different soaking times are shown in Fig. 6-2. The
FP microstructures retained the evidence of the prior deformation even after soaking for 10s,
as seen in Fig. 6-2(a). However, after soaking for 60s, the ferrite grains became more
heterogeneous in size, ranging from < 1um to 5-6 um. This could be explained by the
occurrence of recovery and partial recrystallization processes that depends on the heating rate
and soaking time, which will be discussed in more detail in the following sections. At this
soaking time, fine high-contrast features appeared in the microstructure, which could be
attributed to the formation and distribution of carbides or clusters. These features became
more distinct and frequent at longer soaking times. With soaking the ferrite grains also

increased, reaching 8.0 + 1.2 pum for 300s and 9.1 £ 0.7um for 900s, and the grain size
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heterogeneity decreased with increasing soaking time. The banded structure was completely

eliminated at longer soaking times.

The FB microstructure showed residual deformation features after 10s of soaking at 725°C, as
seen in Fig. 6-2(a). However, the microstructure changed significantly after 60s of soaking,
exhibiting distinct characteristics, as shown in Fig. 6-2(b). The ferrite grains, which were fine
and elongated after 10s of soaking, grew considerably t0 6.2 = 1.7 pm, 9.7 £ 1.2 pm and 11 +
1.3 um after 60s, 300s and 900s of soaking, respectively. Similar to the FP microstructure,
fine high-contrast features, which could be carbides or clusters, were observed in the ferrite
matrix after 60s of soaking. These features decreased in density and segregated to the grain
boundaries and triple junctions of the ferrite grains with increasing soaking time, as show in

Fig. 6-2(c-d).

The FM microstructure showed distinct and uniform changes after 10s of soaking, as shown
in Fig. 6-2(a). The ferrite phase maintained the deformation features until 10s, but not after
60s. The ferrite grain size also increased gradually, reaching 6.5 + 1.3 um, 9.8 + 1.2 um and
11 + 1.9 um after 60s, 300s and 900s of soaking, respectively. The carbides or clusters
segregated to the grain boundaries, as evident from the micrographs of 300s and 900s in Fig.

6-2(c-d).
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Figure 6-2: SEM micrographs of FP, FB, and FM after annealing at 725°C after soaking time

of (a) 10s, (b) 60s, (c) 300s, and (d) 900s.
6.3.3 Microstructural evolution observed using EBSD KAM maps:

Kernel Average Misorientation (KAM) can be used to study various aspects of
recrystallization, such as strain localization, defect distribution, grain boundary
characterization, etc. KAM is therefore a useful instrument for assessing the recrystallization
process and its consequences on the microstructure. Fig. 6-3 shows the spatial distribution of
KAM (5" neighbour, < 3° threshold) for the annealed samples with different soaking times.
KAM analysis for the cold rolled specimens was presented in chapter 5 and here we focus
only on the recrystallization part. The misorientation levels observed in all materials after a
10 second holding interval are notably high, suggesting that the deformation strain induced
by cold rolling remains largely unaffected by the subsequent annealing and brief holding
period. With increasing time intervals, the FP sample exhibits a gradual decrease in
misorientations; although even after 900s, regions with high misorientations persist. In

contrast, the FB and FM samples show a distinct drop in misorientations in the matrix at 60
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seconds, followed by the emergence of higher misorientations at some regions such as triple
points. This observation aligns with the microstructural observations, indicating the potential
presence of carbides/clusters at triple points with elevated misorientations. These findings
suggest that the recrystallization kinetics are considerably faster in the case of FB and FM,
reaching a saturation level in terms of recrystallization after 60s and subsequently forming

carbides/clusters with prolonged annealing.

a)

Figure 6-3: Kernel average misorientation maps for FP, FB, and FM at an annealing

temperature of 725°C after soaking for (a) 10s, (b) 60s, (c) 300s, and (d) 900s.

6.3.4 Effect of soaking time on KAM

The KAM maps shown in the previous sub-section are further analysed by plotting their
distribution. Fig. 6-4 shows the overall KAM histograms for FP, FB, and FM. In Fig. 6-4(a),

the KAM distribution of FP shows that at 1s and 60 s, higher misorientation is observed,
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whereas the misorientations decrease after 300s, indicating discernible recrystallization. In
Fig. 6-4(b-c) for FB and FM at 10 seconds, the peak is at higher misorientation as expected.
However, as the soaking time increases to 60 and beyond, the peak consistently shifts to the
left, signifying lower misorientation in the samples and suggesting a high degree of

recrystallization at those soaking times.
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Figure 6-4: Kernel Average Misorientation distribution for (a) FP, (b) FB and (c) FM at

different soaking times during annealing at 725°C.

6.3.5 Recrystallization Kkinetics at 725°C:

The EBSD data used for analysing the recrystallization data presented in the previous section
is further used to determine the recrystallization kinetics The traditional Johnson and Mehl
Avarami (JMAK) [23] model, which is shown in Eqg. (1) and where x is the recrystallization
fraction, t is the time, and n is the exponent, is used to model the kinetics of the

recrystallization.

x=1—exp(—kt")..cccccoeiiiii. (1)

The recrystallization fraction (x) is measured through EBSD data assuming kernel average
misorientation <1° as fully recrystallized [24]. The obtained recrystallization fraction with
respect to time is show in Fig. 6-5. The fraction increased abruptly in the case of FB and FM,

but it is very gradual in the case of FP. After performing a non-linear minimization with the
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standard JMAK equation for FP, an activation energy (Q) of 307 KJ/mole and an exponent
(n) of 1.1 was estimated which is in the range observed in literature [25]. However, it may be
noted that there may be multiple concurrent processes that occur as seen from Fig. 6-5(b) and

the estimate of the activation energy may not be accurate.

For FB and FM, immediately after 10s of holding period the fraction of recrystallization
reaches a high value and remains constant. When compared to FP, the curves of FB and FM
show higher slope and higher faction of recrystallization, indicating that they have stronger
driving force. Due to the fast kinetics of FB and FM, the JMAK parameters could not be

estimated.
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Figure 6-5:(a) Ferrite recrystallization fraction for FP, FB, and FM, and (b) JAMK fit of the

recrystallization fraction for FP.

6.3.6 Micro hardness evolution:

Microhardness was measured for all the materials after cold rolling and after annealing at
different soaking times as shown in Fig. 6-6. The initial hardness values after 80% cold
rolling are high compared to other states, as expected with the FM showing the highest
hardness. As soaking duration increases, the hardness of FP exhibits a sharp decline to lower

values after an initial rise. This is due to the concurrent processes of recrystallization and
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bake hardening due to the formation of a Cottrell atmosphere. In contrast, in the case of FB
and FM, the hardness shows a continuous decrease. Also, in the case of FP, the decrease in
the hardness is gradual with respect to time unlike FB and FM, which show a drastic decrease

and after 10s the hardness values are almost constant.
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Figure 6-6: Evolution of Vickers microhardness at an annealing temperature of 725°C for FP,

FB, and FM at different soaking times.

6.3.7 Nanoindentation hardness mapping:

The spatial distribution of hardness in the material after cold rolling and annealing for
different soaking times was investigated by nanoindentation high speed mapping, as shown in
Fig. 6-7. The hardness map revealed two distinct regions with significant hardness contrast in
almost all cases. In the case of FP, the region with lower hardness (blue) corresponds to
ferrite, while the region with higher hardness represents pearlite in a banded form. The

nanoindentation maps not only captured the variations in hardness between ferrite and
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pearlite, but also the effects of prior deformation, which were not completely eliminated until
60s of soaking time. These hardness results are consistent with the microstructure and KAM
analysis presented earlier. The hardness of the ferrite region significantly decreased with
increasing soaking the time from 300s to 900s. The extent of hardness decrease for all the

samples will be discussed in detail in the next sub-section.

In the case of FB in the cold rolled state, two distinct regions can be observed. These regions
correspond to bulk ferrite with lower hardness and ferrite/bainite mixture with higher
hardness. The hardness distribution of the annealed sample with 10s holding period is similar
to that of the cold rolled sample, as shown in Fig. 6-7(b). However, after 60s of soaking, the
hardness of the material drops uniformly throughout, as shown in Fig. 6-7(c). With increasing
soaking time, small localized regions with high hardness appear. These regions correspond to
the carbides/clusters that are located at boundaries, triple points and are consistent with the

micrographs and misorientation maps presented earlier.

In the case of the FM sample, the hardness is clearly higher than that of the FP and slightly
higher than FB, as shown in Fig. 6-7(a). The hardness of the FM slightly decreased after
annealing for 10s, but the effects of deformation were still evident, as shown in Fig. 6-7(b).
However, after 60s of soaking, the hardness of the FM dropped to lower values, similar to the
FB case, as shown in Fig. 6-7(c). With increasing soaking time, small regions with high
hardness emerged especially after 300s at specific locations, which could be carbides/clusters

formed due to longer holding periods as also seen in the case of FB.
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Figure 6-7: Nanoindentation hardness maps of FP, FB and FM after (a) 80% cold rolling and
after subsequent annealing at 725°C for different soaking times of (b) 10s, (c) 60s, (d) 300s

and (e) 900s.

6.3.8 Nanoindentation hardness histogram:

Figure 6-8 shows the hardness histograms of FP, FB and FM after annealing for different
durations. In the case of FP shown in Fig. 6-8(a), the cold-rolled state and the soaking
durations up to 60s show high hardness. In fact, a slight increase in hardness up to 60s
soaking can also be observed, as was the case in Vickers hardness measurements. Hardness
clearly decreases with additional annealing. The 10s sample is closely followed by the cold
rolled state in the FB and FM shown in Fig. 6-8(b-c) which exhibits the highest hardness.
Further annealing results in significant reduction in hardness as evidenced by peak shift
towards the left. This is in good agreement with the Vickers hardness results and the
microstructural analysis that was previously provided. In the next section, we will present an
assessment of the correlation between the microstructure and the hardness maps at the

micrometer length scale.

121



Ferrite + Pearlite Ferrite + Bainite Ferrite + Martensite

500 T 700 p— T T T T ]

—CR F —CR ]

J— 600 F _— B
g 400 g, ey
g £ 500 F HE
2 ool 300s|3 3 7 3005/ 3
E 900s o 400F 9005_: :
N o F 8
T 2000 = 300F i
E E b £
5 5 200 £
o
Z 100 = E 2

100

o
o

1 1 n 4
3 4 5 6 7 8 3 4 5 6 7 8 3 4 5 6 7 8
il) Hardness (GPa) b) Hardness (GPa) C) Hardness (GPa)

Figure 6-8: Nanoindentation hardness histograms after annealing at 725°C for different

soaking times in the case of (a) FP, (b) FB and (c) FM.

6.4 Discussion

6.4.1 Assessment of microstructure and mechanical properties at micrometer length

scale during recrystallization annealing of ferrite-pearlite (FP):

Fig. 6-9 shows the SEM micrographs and the corresponding hardness maps of the FP samples
annealed at 725°C for different soaking times. Good agreement between the microstructure
and hardness map is observed for all the cases. Fig. 6-9(a) shows the initial cold-rolled
microstructure, where ferrite and pearlite have different contrasts in the SEM image, with
pearlite being the lighter shade. Fig. 6-9(b) shows the sample after 10s of soaking time, where
the hardness map reveals that the pearlite bands have higher hardness than the cold rolled
condition, due to the Cottrell atmosphere formation as discussed earlier. Fig. 6-9(c) shows the
sample after 60s of soaking time, where the recrystallization of ferrite at the grain boundary
has started, as also evidenced by the decrease in hardness. Fig. 6-9(d-e) show the samples
after 300s and 900s of soaking time, respectively, where the recrystallization of ferrite has

progressed and the hardness has decreased further.
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Figure 6-9: SEM micrographs along with the corresponding hardness maps in FP after (a)
cold rolling and subsequent annealing at 725°C, for soaking times of (b) 10s, (c) 60s, (d)

300s, and (e) 900s.

To quantify the change in hardness during annealing, the hardness maps are deconvoluted to
obtain the hardness of the individual constituents. Fig. 6-10 shows the deconvoluted maps
and the hardness histograms corresponding to the maps assuming a Gaussian distribution.
The blue color represents ferrite, while the red color corresponds to pearlite. The
deconvoluted maps correspond well with the SEM micrographs shown in Fig. 6-9. The
histograms not only show the hardness difference between ferrite and pearlite but also the
corresponding change with annealing. During the initial stages of annealing, the hardness
increases in both ferrite and pearlite due to bake-hardening like phenomena [19,20],
subsequently followed by a hardness decrease due to ferrite recrystallization and cementite

spheroidization.
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Figure 6-10: (a) Deconvoluted hardness maps and (b) hardness histograms in FP after cold

rolling and subsequent annealing at 725°C, for different soaking times.
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6.4.2 Assessment of microstructure and mechanical properties at micrometer length

scale during recrystallization annealing of ferrite-bainite (FB):

Figure 6-11 shows the SEM micrographs and the corresponding hardness maps of the FB
samples annealed at 725°C for different soaking times. Reasonable agreement between the
microstructure and hardness map is observed for all the cases. The microstructure shown in
Fig. 6-11(a-b) clearly shows the effect of cold rolling even after soaking for 10s. The
corresponding hardness maps also indicate the same. Upon further soaking to 60s, the
microstructure shows recrystallized ferrite grains and this change is more evident in the
hardness map that shows a significant reduction in hardness in both the constituents. This
trend continues in ferrite with increasing soaking time. However, with increasing soaking
time (300s and 900s), carbides form at the triple junction of ferrite grain boundaries and this

is well captured by nanoindentation, which shows elevated hardness at these locations.

Cold rolled 10 sec 60 sec 300 sec 900 sec

Hardness (GPa)

20pm

Figure 6-11: SEM micrographs along with the corresponding hardness maps in FB after (a)
cold rolling and subsequent annealing at 725°C, for soaking times of (b) 10s, (c) 60s, (d)

300s, and (e) 900s.
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Similar to the case of FP, to quantify the change in hardness during annealing, the hardness
maps are deconvoluted to obtain the hardness of the individual constituents. Fig. 6-12 shows
the deconvoluted maps and the hardness histograms corresponding to the maps. The blue
color represents ferrite, while the red color corresponds to mixture of bainite/carbide and
ferrite labelled as region 2. Unlike the case of FP, where the pearlite was simple to identify,
the finer length scale of bainite results in a mixture of ferrite and bainite/carbides being
identified as the secondary constituent. In spite of this challenge, there is still reasonable
agreement between the deconvoluted map and the microstructure. The corresponding
histograms show that the hardness of the ferrite and the bainite-ferrite mixture (region 2) is
retained up to 10s, followed by a drastic reduction in hardness of ferrite and to a lesser extent
in bainite-ferrite mixture. However, further annealing results in formation of the carbides at
the grain boundaries, which are much finer and the hardness of which may not be accurately
determined. Also, broadening of the ferrite peak and near extinction of the ferrite+bainite

peak (region 2) can be observed.
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Figure 6-12: (a) Deconvoluted hardness maps and (b) hardness histograms in FB after cold

rolling and subsequent annealing at 725°C, for different soaking times.
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6.4.3 Assessment of microstructure and mechanical properties at micrometer length

scale during recrystallization annealing of ferrite-martensite (FM):

Figure 6-13 shows the SEM micrographs and the corresponding hardness maps of the FM
samples annealed at 725°C for different soaking times. Reasonable agreement between the
microstructure and hardness map is observed for all the cases. The behavior of FM samples
during recrystallization closely follows the trend described for FB in the previous sub-
section. The microstructure shown in Fig. 6-13(a-b) clearly shows the effect of cold rolling
even after soaking for 10s. The corresponding hardness maps also indicate the same. Upon
further soaking to 60s, the microstructure shows recrystallized ferrite grains, and this change
is more evident in the hardness map that shows a significant reduction in hardness in both the
constituents. This trend continues in ferrite with increasing soaking time. However, with
increasing soaking time (300s and 900s), carbides form at the triple junction of ferrite grain
boundaries and this is well captured by nanoindentation, which shows elevated hardness at

these locations. Slightly coarser carbides are observed in FM compared to FB.
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Figure 6-13: SEM micrographs along with the corresponding hardness maps in FM after (a)
cold rolling and subsequent annealing at 725°C, for soaking times of (b) 10s, (c) 60s, (d)

300s, and (e) 900s.
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Similar to the case of FP and FB, to quantify the change in hardness during annealing, the
hardness maps are deconvoluted to obtain the hardness of the individual constituents. Fig. 6-
14 shows the deconvoluted maps and the hardness histograms corresponding to the maps.
The blue color represents ferrite, while the red color corresponds to mixture of
carbide/martensite and ferrite labelled as region 2. As mentioned in the case of FB, the finer
length scale of martensite results in a mixture of ferrite and carbide / martensite being
identified as the secondary constituent or region 2. In spite of this challenge, there is still
reasonable agreement between the deconvoluted map and the microstructure. The
corresponding histograms show a trend similar to FB, with the hardness of ferrite being
retained up to 10s, followed by a drastic reduction in hardness. The case of martensite-ferrite
mixture the hardness shows continuous reduction starting from 10s itself. Similar to the case
of FB at higher soaking times (300s and 900s), fine carbides at the grain boundaries,
broadening of the ferrite peak and near extinction of the ferrite+carbide / martensite peak

(region 2) can be observed.
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Figure 6-14: (a) Deconvoluted hardness maps and (b) hardness histograms in FM after cold

rolling and subsequent annealing at 725°C, for different soaking times.
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6.4.4 Effect of the initial microstructure on microstructure and mechanical property

evolution during recrystallization:

The hardness evolution during recrystallization of the individual constituents for a given
initial microstructure (FP, FB and FM) was presented in the previous sections. Here, the
evolution of the hardness of the matrix phase and the secondary constituent will be compared
for the different initial microstructures. Fig. 6-15 shows the hardness histograms of ferrite
and the second phase constituents of FP, FB and FM for different soaking times during
recrystallization annealing at 725°C. The different colours represent the soaking time: red for
10s, olive green for 60s, blue for 300s and pink for 900s. In the case of ferrite matrix, the
hardness in cold rolled state is highest for FM followed by FB and FP. Upon annealing, the
hardness of the ferrite decreases gradually in FP compared to FB and FM. Interestingly, the
hardness of ferrite after 900s is lowest in FP compared to the others. This is possibly due to
the fine carbides observed in FB and FM that can potentially strengthen the ferrite matrix as
also observed from the slight increase in hardness in these cases at the higher soaking times

(300s and 900s).

It may be noted that the secondary constituent is pearlite in FP, bainite/carbide + ferrite
mixture (region 2) in FB and carbide / martensite+ferrite mixture (region 2) in FM. The
hardness of the secondary cons:titueﬁt' is high in all cases during the initial stages of
annealing, followed by different paths later. In the case of FP, hardness decreases due to
cementite spheroidization, whereas in the case of FB and FM, the hardness decreases initially
due to carbide dissolution and later (300s and 900s) becomes challenging to detect via
nanoindentation due to the finer length scale wherein they are found mostly at the grain

boundaries.
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Overall, the recrystallization kinetics are faster in FM compared to FB and FP. This can be
attributed to the higher defect density inherent in the FM microstructure, further enhanced by
the 80% deformation acting as a potent driving force or reservoir of higher stored energy for
faster ferrite recrystallization. This distinction is also evident in the kernel average
misorientation maps shown in Fig. 6-3, wherein the FM microstructures exhibit substantially
higher misorientation levels compared to the FB and FP counterparts. This heightened
misorientation serves as a driving force for the recrystallization of ferrite in the FM

microstructure relative to the FB and FP microstructures.
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Figure 6-15: Hardness histograms of (a) ferrite and (b) secondary constituent in FP, FB and

FM during recrystallization annealing at 725°C.

6.5 Summary and conclusions:

Through a correlative characterization using electron microscopy and nanoindentation
mapping, this chapter examines the impact of initial microstructure on the recrystallization

annealing response of ferrite-pearlite, ferrite-bainite, and ferrite-martensite dual phase steels.

1. To investigate the recrystallization behavior of dual-phase steels with a nominal

composition of DP600 but varying initial microstructures comprising ferrite-pearlite
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(FP), ferrite-bainite (FB), and ferrite-martensite (FM), an isothermal annealing
treatment was conducted at 725 °C, a temperature below the ACL1 threshold.

Preceding this, the samples underwent 80% cold rolling.

In the case of FP, the deformed microstructure as observed from SEM and KAM
analysis was retained up to 60s of soaking followed by gradual recrystallization of the
ferrite and spheroidization of the cementite in pearlite. In contrast, the FB and FM
samples retained the deformed microstructure up to 10s followed by fast
recrystallization by 60s. Further soaking resulted in formation of carbides at the ferrite

grain boundaries.

. The hardness maps obtained by nanoindentation showed excellent agreement with the
microstructure during all stages of recrystallization. In the case of FP, the hardness
increased during the initial stages of annealing (< 60s) in ferrite and pearlite due to
bake-hardening like phenomena, followed by a gradual decrease due to
recrystallization of ferrite and spheroidization of cementite as observed from the
microstructure. In contrast, in the case of ferrite in FB and FM, the hardness is high
up to 10s followed by a drastic drop confirming the microstructural observations.
Also, the hardness of the secondary constituent in these cases drops due to carbide

dissolution.

. The micro-Vickers hardness measurements show a trend similar to nanoindentation

although without showing the distinction between the constituents.

Overall, the recrystallization kinetics are faster in FM compared to FB and FP. This
can be attributed to the higher defect density inherent in the FM microstructure,
further enhanced by the 80% deformation acting as a potent driving force or reservoir

of higher stored energy for faster ferrite recrystallization.
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Chapter 7 Effect of intercritical annealing on the microstructure
and mechanical properties of dual phase steels with different
initial microstructures

In this chapter, we explore the impact of the initial microstructure on the formation and
characteristics of dual-phase (DP) steel subjected to different intercritical annealing durations.
The intercritical annealing was carried out at 770°C after a heating rate of 185°C/s, and the
soaking time was varied. Microstructural changes were analysed using Field Emission
Scanning Electron Microscopy (FESEM) and Electron Backscatter Diffraction (EBSD).
Mechanical properties were characterized through Vickers microhardness testing, and local
mechanical properties were investigated using nanoindentation technique. Excellent
correlation between the microstructure and local mechanical properties was observed. The
mechanisms underlying recrystallization and phase transformation during intercritical
annealing were comprehensively analysed from the hardness of individual phases obtained

from nanoindentation mapping.

7.1 Introduction:

Automotive industry has a strong demand for low carbon steels that provide a good
combination of strength and ductility. This is because lighter cars use less fuel and produce
less pollution [1]. To manufacture complex automotive parts good formability and high
strength is required. Consequently, steels with combination of high strength & high ductility
enables the fabrication of complex automotive components. Recent work in steel research has

made it possible to improve the strength of steel without altering the formability.

Dual Phase steels are a class of Advanced High Strength Steels which are attractive for
automotive industry as they are lower in cost and offer better mechanical properties [2—4].
The advantage of DP steel is that it has much higher ductility and strength as compared to
other conventional steels. Therefore, they find applications in automotive body panels,
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wheels, and bumpers [5]. Typically, the dual phase microstructure is obtained by heating the
specimen to intercritical range i.e., temperature between Acl and Ac3 followed by quenching.
They contain 20-25 % of martensite along with a matrix of ferrite. In DP steels, strength or
load carrying capacity is controlled by hard martensite phase and ductility or formability is
controlled by the soft ferrite phase [6]. Additionally, cold rolling imparts higher stored stain
energy and in intercritical temperature range it suppresses the recovery [7,8] and changes the
recrystallization and austenite formation temperature [9-11]. According to Huang et al. [11],
austenite production during heating is retarded in Fe-C-Mn-Si steel with ferrite-pearlite
microstructure when the heating rate is increased from 1°C/s to 100°C/s. Philippot et al. [12]
did note that the austenite volume percentage generated during heating is hardly affected by
raising the heating rate from 1°C/s to 10°C/s. Austenite islands arise as a result of
intercritical annealing and eventually transform to martensite. The distribution of the ensuing
martensite in the microstructure is determined by the morphology and distribution of the
austenite during intercritical annealing[13], which ultimately influences the dual phase steel's
microstructure and mechanical properties [14-16]. Also, the effect of initial rolling above the
austenite recrystallization temperature (TnR) and its subsequent effect on cold rolling texture
before intercritical annealing is important to consider and has been reported by Gautam et.al.
[17]. However, a systematic study involving the effect of different initial dual phase
microstructures such as ferrite-pearlite (FP), ferrite-bainite (FB) and ferrite-martensite (FM)

on the intercritical annealing behaviour for a fixed composition of carbon is not reported.

Hence, this chapter aims to explore the influence of prior thermomechanical processing on
the intercritical annealing response. To this end, different initial microstructures are obtained
by various prior processing steps such as hot rolling, coiling and cold rolling. Using a

combination of electron microscopy and nanoindentation mapping, the intercritical annealing
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response for these samples at various soaking times is investigated, and microstructure-

property correlations at the micrometer length scale are assessed.

7.2 Experimental Procedure:

7.2.1 Processing:

The initial dual phase microstructures were obtained by hot rolling, coiling, and then cold
rolling to 80% reduction, as was covered in chapter 3. A heating rate of 185°C/s was used to
reach the intercritical annealing temperature of 770°C followed by different soaking
durations. To achieve the dual phase microstructure, the soaking duration was varied between

60s and 900s followed by water quenching.

7.2.2 Microstructural and mechanical characterization:

The specimen’s microstructure was analysed using electron backscattered diffraction (EBSD)
and a field emission scanning electron microscope (FESEM Model: FEI - NOVA
NANOSEM450). The samples were polished using conventional metallographic polishing
techniques, as covered in Chapter 3. EDAX OIM software was used to analyse the EBSD
data. A Vickers hardness tester was used to determine the specimen's bulk hardness. Using a
high-speed nanoindentation technique, the local mechanical characteristics were assessed.
Each map had 3600 indents in a 60X60 grid pattern with a spacing of 1 um and a maximum

depth of 100 um [18].

7.3 Results:

7.3.1 Initial microstructures:

Fig. 7-1 shows the microstructure of the specimens with different dual phase constituents that

were subjected to 80% cold rolling. The ferrite-pearlite (FP) sample, shown in Fig. 7-1(a),
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has a banded structure with elongated ferrite (darker grey) and pearlite (the light grey) grains
that are aligned along the rolling direction. The ferrite-bainite (FB) microstructure is shown
in Fig. 7-1(b), that shows severe distortion and alignment of the ferrite phase along the
deformation direction, while the bainite underwent significant fragmentation and dispersion
throughout the ferrite matrix. Unlike the pearlite, which formed clear bands, the bainite had a
more uniform distribution in the microstructure. Fig. 7-1(c) shows the ferrite-martensite (FM)
microstructure, which has a more refined and elongated ferrite phase and a more uniform and
dispersed martensite phase (light grey). A detailed discussion on the cold rolled

microstructures are presented in chapter 5.
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Figure 7-1: SEM micrographs after 80% cold rolling, accompanied by their higher
magnification images, for (a) FP, (b) FB, and (c) FM.

7.3.2 Microstructural evolution during intercritical annealing at 770°C:

The samples with different initial microstructures that are subjected to 80% cold rolling
undergo intercritical annealing at 770°C. This annealing process uses a salt bath furnace with
a high heating rate of 185°C/s and a holding time before water quenching to obtain a dual

phase microstructure. Fig. 7-2 shows the microstructures after different intercritical annealing
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durations starting from different initial microstructures labelled as FP, FB and FM. In the case
of FP samples, the micrographs reveal the martensite formation in the pearlitic regions and
the banding effect is evident even after transformation. Ferrite recrystallization can also be
observed. For FB and FM samples, martensitic transformation is less compared to FP in the
initial stage. However, a higher degree of ferrite recrystallization can be observed. The
necklace-type morphology of martensite was found in the FB and FM samples, whereas in

the FP sample, banded morphology was observed.
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Figure 7-2: SEM micrographs after intercritical annealing at 770°C for (a) 60s, (b) 300s, and

(c) 900s in case of samples with initial microstructure consisting of FP, FB and FM.

7.3.3 Martensite volume fraction and ferrite grain size:

The martensite volume fraction and ferrite grain size as a function of soaking time are shown

in Fig. 7-3. The ferrite grain size and the martensite volume fraction were measured using
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optical micrographs and SEM micrographs, respectively. The plot shows that the extent of
austenite-to-martensite transformation and ferrite grain refinement increases with the soaking
duration. The FP sample shows a higher martensite fraction compared to the others due to the
slower recrystallization of FP presented in chapter 6, which leads to a faster austenite
transformation. Concurrently, this also leads to a finer ferrite grain size in FP due to the faster

transformation compared to FB and FM.
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Figure 7-3: (a) Martensite volume fraction and (b) ferrite grain size after intercritical

annealing at 770°C for different soaking durations in case of FP, FB and FM.
7.3.4 Microstructural evolution observed using EBSD: 1Q maps

EBSD analysis was carried out on the intercritically annealed samples to further investigate
the microstructure and local misorientations. As explained in the chapter 3, standard EBSD
techniques cannot easily differentiate between martensite and ferrite phases. Here we use the
IQ maps to analyze the microstructure. Fig. 7-4 shows the image quality (IQ) maps obtained
from EBSD, after intercritical annealing for different durations of 60s, 300s, and 900s for the
different initial microstructures. The contrast observed in a 1Q maps is due to the combination
of several factors including phase, topography, strain, grain boundary, etc. [19]. In the figure,

the lower 1Q regions correspond to martensite, whereas the higher 1Q parts (bright regions)

144



correspond to ferrite [20]. The I1Q maps clearly show that FP samples have more martensite
(darker regions) compared to FB and FM. Also, the banded morphology of the microstructure
in FP is retained even after transformation, whereas in FB and FM, martensite is observed at

ferrite grain boundaries.

a)

Figure 7-4: Image Quality maps after intercritical annealing at 770°C for (a) 60s, (b) 300s,

and (c) 900s in case of samples with initial microstructure consisting of FP, FB and FM.
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7.3.5 Microstructural evolution observed using EBSD: KAM maps

To further analyze the microstructure especially for the local defect distribution, Kernel
Average Misorientation (KAM) serves as a crucial parameter in providing a quantitative
measure of local misorientation between a point and its neighboring points. In the intercritical
annealing regime, phase transformation and ferrite recrystallization both operate and KAM
analysis helps in investigating diverse facets such as strain localization, defect distribution,
and grain boundary characterization. Figure 7-5 shows the spatial distribution of KAM (5th
neighbor, < 3° threshold) for intercritically annealed samples subjected to varying soaking
times. The observed misorientation levels across all samples exhibit distinct patterns for the
different soaking durations. Notably, in the case of FP, a higher misorientation is evident,
attributable to a higher martensite volume fraction. Conversely, lower misorientation levels
are observed in FB and FM. With increasing soaking time, a concurrent rise in martensite
volume fraction is noted, manifesting as elevated misorientation in the same region. This
observation aligns well with the microstructure presented in Fig. 7-2 & 7-4. These findings
clearly imply that transformation kinetics are faster in FP, compared to FB and FM. It may be
noted that this trend is opposite to the recrystallization kinetics presented in chapter 6. This
implies that the recrystallization and transformation compete at these annealing temperatures
(725 and 770°C) and one of them dominates at the cost of the other. It may also be recalled
that the recrystallization kinetics are faster in FB and FM due to the higher stored energy

(defect density) in those samples.
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Figure 7-5: KAM maps after intercritical annealing at 770°C for (a) 60s, (b) 300s, and (c)

900s in case of samples with initial microstructure consisting of FP, FB and FM.

7.3.6 Microstructural evolution observed using EBSD: KAM histograms

To quantify the KAM maps shown in Fig. 7-5, KAM histograms are plotted as shown in Fig.
7-6. The histograms prior to intercritical annealing (80% cold rolled) are also shown for
comparison. All the samples show a clear decrease in misorientation with intercritical
annealing, indicating recrystallization and transformation. While the role of individual phases
cannot be commented from these histograms without partitioning, it can be reasonably
concluded that ferrite recrystallization has occurred during intercritical annealing. Also, a

slight rightward shift in peak position from 60s to 900s is observed in FP sample possibly due
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to the higher martensite formation. In the case of FB and FM, the misorientations remain

constant after the initial drop.
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Figure 7-6: Kernel average misorientation distribution after different soaking duration during
intercritical annealing of samples with initial microstructure consisting of (a) FP (b) FB and

(c) FM.
7.3.7 Micro hardness evolution:

Micro hardness testing was carried out on all materials subsequent to cold rolling and
intercritical annealing for different soaking times, as shown in Fig. 7-7. Initially, after 80%
cold rolling, FM exhibited the highest hardness compared to FB and FP. The elevated
hardness is attributed to grain refinement, fragmentation, increased defect density, and strain
accumulation. After intercritical annealing, the hardness of all the samples increases from an
initial low value, due to the continuous formation of martensite. It may be noted that the
hardness of FP is higher than FB and FM at all times during annealing. As mentioned earlier,
in FB and FM, ferrite recrystallization is faster, resulting in significant reduction in hardness
compared to FP in the beginning. In contrast, the FP samples show higher hardness initially
due to lower extent of recrystallization and higher hardness with increasing soaking time in
the intercritical regime due to the higher martensite volume fraction. Overall, a clear trend in

hardness is observed with increasing martensite volume fraction.
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Figure 7-7: Vickers hardness after intercritical annealing at 770°C for different durations in

case of initial microstructures consisting of FP, FB and FM.

7.3.8 Nanoindentation hardness mapping:

To further investigate the local variations in hardness high speed nanoindentation mapping is
used. Fig. 7-8 shows the hardness maps in the cold rolled and intercritically annealed states
after different soaking durations. The hardness map shows two different regions with
noticeable hardness difference in almost all cases. The region with lower hardness (blue)
corresponds to ferrite, while the region with higher hardness (red) corresponds to second-
phase component which is predominantly martensite. It may be noted that the length scale of
the martensite is small and comparable to the indent spacing of 1 um and hence it is possible

that its hardness is affected by the surrounding ferrite.

In the case of FP, in the cold-rolled condition, a notable hardness difference between ferrite

and pearlite is evident. Upon annealing at 770°C in the intercritical regime, where ferrite and
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austenite coexist, immediate quenching results in martensite formation with elevated
hardness compared to ferrite. This transformation is reflected in the hardness map, wherein an
increase in soaking time results in higher hardness regions with a largely banded morphology
corresponding to martensite. For FB and FM in the cold-rolled condition, higher hardness is
observed, especially in the ferrite regions compared to FP, which drives recrystallization of
ferrite during intercritical annealing, leading to lower hardness in the matrix. As discussed
earlier, this concurrently reduces the driving force for austenite and thereby martensite
formation and hence, the higher hardness regions corresponding to martensite are less
compared to FP. Overall, the nanoindentation results effectively captured variations in
hardness, encompassing the impact of prior deformation and different soaking durations
during intercritical annealing. The observed hardness outcomes are in excellent agreement
with the microstructural and Kernel Average Misorientation (KAM) analyses presented

earlier.
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Figure 7-8: Nanoindentation maps for different initial microstructures (FP, FB and FM) after

(a) cold rolling, and intercritical annealing at 770°C for (b) 60s (c) 300s and (d) 900s.

7.3.9 Nanoindentation hardness data histogram

In order to further quantify the hardness maps shown in Fig. 7-8 and quantify the hardness
evolution during intercritical annealing, the hardness histograms for the different initial
microstructures are shown in Fig. 7-9, including the cold-rolled state. A clear reduction in
hardness with intercritical annealing is observed in all cases which closely follows the trend
observed in KAM histograms shown in Fig. 7-6. While these histograms show the combined
effect of ferrite and martensite, it may be safely concluded that upon annealing the hardness
of FB and FM immediately reduces due to ferrite recrystallization, whereas in the case of FP,

the reduction is more gradual. To objectively analyse the competing processes of
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recrystallization and transformation, the hardness of individual phases is required. This will

be presented and discussed in the next sub-section.
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Figure 7-9: Hardness histograms of samples with initial microstructure consisting of a)
ferrite-pearlite b) ferrite-bainite and c) ferrite-martensite after intercritical annealing at 770°C

for different soaking durations.

7.4 Discussion

7.4.1 Assessment of microstructure and mechanical properties at micrometer length

scale during intercritical annealing of ferrite-pearlite steel (FP):

In this section, a direct comparison of the microstructure from SEM and the corresponding
hardness map is presented for the different intercritical annealing durations as shown in Fig.
7-10 for FP. Excellent agreement between the microstructure and the hardness map can be
observed with the ferrite regions showing lower hardness and the pearlite (in cold rolled) /
martensite (annealed) regions showing higher values. Interestingly, the hardness maps also
capture the morphology of the constituent phases as seen from the micrographs, The hardness
maps not only capture the banded nature of the pearlite but also the martensite after
transformation which also retains the banded morphology to a certain extent. Interestingly,
the martensite at the ferrite boundaries is also well captured by the hardness map. As the

resolution of the nanoindentation mapping is 1 um, the finer constituent, which is martensite
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appears coarser in the hardness maps. With increasing soaking time, there is a rise in
martensite volume fraction and a reduction in ferrite grain size, as discussed in section 7.3.3.
The SEM micrographs shown here demonstrate the same, and the hardness map closely

follows this trend as well.

To quantify the hardness changes of the individual constituents, the hardness maps are
deconvoluted using the k-means clustering algorithm into two bins nominally corresponding
to ferrite and martensite. Figure 7-10 also shows the deconvoluted map and the corresponding
hardness histogram[21]. In the deconvoluted maps and histograms, blue color denotes ferrite,
while red color (region 2) signifies secondary constituent, which is pearlite in cold rolled
state and predominately martensite after intercritical annealing. The deconvoluted maps show
good agreement with the SEM micrographs shown in Fig. 7-10. The hardness of pearlite in
cold rolled state and martensite after intercritical annealing is higher than ferrite as expected.
Interestingly, the hardness of ferrite shows only a slight reduction upon annealing even after
prolonged soaking. The retention of hardness of ferrite upon annealing will be discussed in

detail in section 7.4.4.

153



1

= 208
D E
p— o
= © 06
a 3
— M“\-‘"ﬁv"“:&“ N 0.4
= e PRGN £
— -< = =
8 ~—— 202
: 0
!
208
s
3
7] : 0.6
504
E
202

=)

208
s
3
n o
S - R
= S
504
en g
5
202

e 9o
o o =D

900s

4

Normalized counts

0.2

0

2 4 6 8 10
Hardness (GPa)

Hardness map Deconvoluted map Hardness histogram

——Pearlite
——Ferrite

—+—=Region2
——Ferrite

—+=Region2

——Ferrite

H

¥

—+=Region2
——Ferrite

0 5 10 1

5

d) Hardness (GPa)

Figure 7-10: (a) SEM micrographs and corresponding (b) hardness maps, (c) deconvoluted

hardness maps and (d) histograms after cold-rolling and intercritical annealing at 770°C for

60s, 300s and 900s for samples with initial microstructure consisting of FP.
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7.4.2 Assessment of microstructure and mechanical properties at micrometer length

scale during intercritical annealing of ferrite-bainite steel (FB):

In this section we assess the microstructure-property correlations during intercritical
annealing for cold rolled samples with initial microstructure consisting of ferrite-bainite. Fig.
7-11 shows the SEM micrographs and the corresponding hardness maps after cold rolling and
after subsequent intercritical annealing. The deconvoluted maps and the hardness histograms
are also shown. The plot clearly shows the excellent agreement between the microstructure
and the local mechanical properties in all cases. The alignment of grains along rolling
direction seen in the micrographs is also well captured by the hardness maps. Similarly, the
martensite formed at the ferrite grain boundaries after transformation is also captured by the
hardness maps. To further quantify the hardness data, deconvoluted maps are obtained by k-
means clustering and they agree well with the SEM micrographs validating the deconvolution
procedure. It may be noted that blue color in deconvoluted maps corresponds to ferrite, while
red (region 2) corresponds to bainite/ferrite mixture in cold rolled state and martensite in
annealed state. The histograms accordingly show the hardness difference between ferrite and
bainite-ferrite mixture and martensite. The hardness of bainite and ferrite mixture in cold
rolled state and martensite after intercritical annealing is higher than ferrite as expected. The
hardness of martensite formed after transformation is more than that of the initial bainite.
Unlike the case of FP, the hardness of ferrite decreases upon intercritical annealing which is

similar to the observations during recrystallization annealing of FB presented in chapter 6.
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Figure 7-11: (a) SEM micrographs and corresponding (b) hardness maps, (c) deconvoluted
hardness maps and (d) histograms after cold-rolling and intercritical annealing at 770°C for

60s, 300s and 900s for samples with initial microstructure consisting of FB.
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7.4.3 Assessment of microstructure and mechanical properties at micrometer length

scale during intercritical annealing of ferrite-martensite steel (FM):

Similar to the case of FP and FB presented earlier, here we assess the microstructure-property
correlations during intercritical annealing for cold rolled samples with initial microstructure
consisting of ferrite-martensite. Fig. 7-12 shows the SEM micrographs and the corresponding
hardness maps after cold rolling and after subsequent intercritical annealing. The
deconvoluted maps and the hardness histograms are also shown. As was the case with FP and
FB, the plot clearly shows the excellent agreement between the microstructure and the local
mechanical properties in all cases. The alignment of grains along rolling direction seen in the
micrographs is also well captured by the hardness maps. The behaviour of FM samples after
cold rolling and intercritical annealing, closely follows the trend observed in FB. The
histograms accordingly show the hardness difference between ferrite and martensite. The
hardness of martensite in cold rolled state and after intercritical annealing (region 2) is higher
than ferrite as expected. The hardness of martensite formed after transformation is more than
that of the initial martensite. This could be attributed to the fine distribution of martensite
throughout the sample in the cold rolled state, wherein its measurement is affected by the
neighbouring ferrite. The deconvoluted map in the cold rolled state clearly shows this aspect.

Unlike the FP, the hardness of ferrite decreases after intercritical annealing.
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Figure 7-12: (a) SEM micrographs and corresponding (b) hardness maps, (c) deconvoluted
hardness maps and (d) histograms after cold-rolling and intercritical annealing at 770°C for

60s, 300s and 900s for samples with initial microstructure consisting of FM.

7.4.4 Impact of intercritical annealing on the local mechanical properties and

microstructure of various dual phase steels

Fig. 7-13 shows the hardness histograms subsequent to intercritical annealing for different

duration in samples with initial microstructures consisting of FP, FB, and FM. The hardness
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for ferrite matrix is shown in Fig. 7-13(a), whereas the secondary constituent is shown in Fig.
7-13(b). It may be noted that the secondary constituent in the cold rolled (CR) state is pearlite
in FP, bainite-ferrite mixture in FB and martensite-ferrite mixture in FM, whereas the
secondary constituent after intercritical annealing is predominantly martensite in all cases. In
the case of ferrite of the FP sample, the hardness in the cold rolled state is retained even after
annealing. However, a distinct broadening of the peak with annealing is observed. In contrast,
the ferrite in FB and FM samples show a clear decrease with annealing, indicating ferrite
recrystallization. The reasons for the apparent lack of significant recrystallization of ferrite in
FP will be discussed later in this section. In the case of the secondary constituent, the area
fraction of martensite is higher in the case of FP as was observed from the SEM micrographs.
Also, a clear increase in the hardness upon intercritical annealing is evident. This indicates
that the martensite formed upon quenching from the intercritical regime is harder than prior
pearlite or bainite. Interestingly, the martensite obtained after intercritical annealing is harder
than that obtained after coiling and cold working. This is in part due to the fine distribution of
martensite throughout the sample in the prior cold rolled state, wherein its measurement is
affected by the neighbouring ferrite. In summary, the deconvoluted hardness histograms show
significant ferrite recrystallization in FB and FM and more austenite to martensite
transformation in the case of FP. This can be attributed to higher stored energy in cold rolled
FB and FM, driving recrystallization and consequently slowing down transformation,

whereas the reverse is true for FP.
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Figure 7-13: Hardness distribution of (a) ferrite and (b) secondary constituents in samples
with initial microstructure consisting of FP, FB and FM after cold rolling and intercritical

annealing to different durations.

At this juncture, it is instructive to examine why the hardness of ferrite in the FP sample is
retained even after intercritical annealing, unlike the other samples. In this regard, the KAM
maps provide a simple way to probe the extent of recrystallization at the local level. Fig 7-14,

shows the etched SEM micrographs and the corresponding KAM and hardness maps after 1
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min of soaking at the intercritical annealing temperature. Assuming that regions with <1°
misorientation to be recrystallized, the KAM maps for FP clearly show that the extent of
recrystallization shown by the blue coloured regions is much less compared to FB and FM.
The corresponding hardness maps also show lower hardness in the recrystallized regions

identifiable from the KAM maps and higher hardness in regions with greater misorientations.

SEM KAM map Hardness map

Hardness (GPa)

Figure 7-14: Comparison of (a) SEM micrographs, (b) KAM maps and (c) hardness maps
after intercritical annealing for 1 min in samples with initial microstructure consisting of FP,

FB and FM.

In order to quantitatively assess the correspondence between KAM and hardness, the KAM

and hardness histograms are shown in Fig. 7-15 after 1 min of soaking time. The FB and FM

161



samples show a predominant single peak at lower misorientation compared to the FP, which
shows a second peak / shoulder at higher misorientation as was observed from the KAM
maps. Interestingly, the hardness histograms show a similar trend, both in terms of the
relative peak positions and shapes. This clearly establishes the one-one correspondence
between KAM and hardness in this case. This implies that the broadening of the ferrite
hardness peak with intercritical annealing of FP shown in Fig. 7-13(a) is due to the
retardation of recrystallization in ferrite in many locations resulting in a mixture of
recrystallized and unrecrystallized grains. Furthermore, as ferrite recrystallization and
austenite transformation compete in this temperature range, the unrecrystallized regions
promote faster austenite transformation and higher martensite formation in the case of FP. In
contrast, the FB and FM samples recrystallize fast leading to reduced driving force for

transformation and hence show slower transformation kinetics.
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Figure 7-15: Comparison of (a) KAM histogram and (b) hardness histogram after intercritical

annealing for 60s in samples with initial microstructure consisting of FP, FB and FM.

To further compare the hardness of recrystallized ferrite regions in FP with FB and FM, the
hardness map of FP is deconvoluted into 3 bins using the KAM map as shown in Fig. 7-16. In

the KAM map, the blue regions correspond to recrystallized grains. In order to distinguish
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the hardness of recrystallized and unrecrystallized regions, the deconvoluted map shows the
recrystallized ferrite regions in blue, unrecrystallized ferrite regions in green and martensite
in red. Subsequent to this deconvolution, hardness of recrystallized ferrite in FP is 3.7 GPa
which agrees well with the corresponding value of 3.76 & 3.60 GPa obtained in FB and FM.
This implies that the nature of ferrite after intercritical annealing is largely similar

irrespective of the starting microstructure if sufficient recrystallization can be ensured.
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Figure 7-16: Comparison of (a) KAM map and (b) deconvoluted hardness map with 3 bins

after intercritical annealing for 60s in sample with initial microstructure consisting of FP.

7.5 Summary and conclusions:

In this chapter, the effect of initial microstructure on the microstructural and mechanical

property evolution during intercritical annealing is presented.

1. Dual phase ferrite-martensite microstructure was obtained starting with different
initial microstructures consisting of cold rolled ferrite-pearlite (FP), ferrite-bainite
(FB), and ferrite-martensite (FM), by intercritical annealing at 770°C for different

durations followed by water quenching.
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. The microstructural investigations show that in the case of FP, martensite formation

kinetics is faster upon intercritical annealing compared to FB and FM, whereas ferrite

recrystallization is retarded.

. The hardness maps obtained from high-speed mapping show excellent agreement with

the microstructural observations.

Micro-Vickers hardness measurements show a trend similar to nanoindentation

although without showing the distinction between the constituents.

One to one correspondence between the KAM maps and hardness maps was

observed.

. The hardness maps are deconvoluted to obtain the hardness distribution of the

individual constituents. Similar to the microstructural observations, the deconvoluted
hardness histograms show significant ferrite recrystallization in FB and FM and more
austenite to martensite transformation in the case of FP. This is attributed to higher
stored energy in cold rolled FB and FM, driving recrystallization and consequently
slowing down transformation, whereas the reverse is true for FP. In the case of FP, the
faster cementite spheroidization enables faster austenite formation which in turn slows

down ferrite recrystallization.
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Chapter 8 Summary, conclusions and future scope of work

This chapter provides an overall summary of the investigations and conclusions drawn
thereof, during the various stages of thermomechanical processing of an Advanced High-
Strength Steel (AHSS). The focus is on the key processing steps of AHSS sheets such as hot
rolling and coiling, cold rolling, recrystallization, and intercritical annealing. Three different
AHSS sheets with identical chemical composition but different microstructures were obtained
by hot rolling followed by coiling at different conditions, all featuring ferrite as the matrix but
different secondary constituent/phase such as pearlite, bainite, or martensite. These samples
were subsequently cold rolled to different levels and subjected to annealing treatment

independently in recrystallization and intercritical regime.

Observations and analyses of microstructure and mechanical properties was carried out after
hot rolling and coiling, cold rolling, and subsequent annealing at temperatures of 725°C and
770°C, utilizing techniques such as SEM, EBSD, Vickers microhardness, and high speed
nanoindentation mapping. A qualitative correlation was successfully established between
observed microstructure as revealed by SEM / EBSD, and corresponding mechanical
properties assessed through Vickers microhardness and nanoindentation mapping at different
length scales. While a detailed summary and conclusions from the investigations on each
processing step are provided at the end of the corresponding chapter, here we present a
representative example as shown in Fig. 8-1 and 8-2 to highlight the key findings and also to

compare across the different processing steps as shown in Fig. 8-3.
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Figure 7-17: Representative example showing the thermo-mechanical processing steps,
microstructure and hardness maps. The correlation between structure and property at the

micrometer length scale can be clearly observed in all the cases.

Figure 8-1 shows a schematic of the initial processing steps that includes hot rolling above
TnR followed by cooling at different rates and coiling at different temperatures to obtain
microstructures consisting of ferrite-pearlite (FP), ferrite-bainite (FB) and ferrite-martensite
(FM). The SEM micrographs after hot rolling and coiling are shown in the figure. In the case
of ferrite-pearlite, a banded morphology and a coarse microstructure is observed with clear
distinction between the ferrite and pearlite largely due to the higher processing temperatures
and near equilibrium conditions. In the case of ferrite-bainite, a mixture of large grains of
bulk ferrite and a finely mixed region of bainite/carbide and ferrite is observed, whereas in
the case of ferrite-martensite, finely distributed martensite throughout the ferrite matrix is

observed.

Representative EBSD-KAM maps and hardness maps for the regions shown in the SEM
micrographs are also shown. Excellent correlation between the SEM micrographs and hard

ness maps can be observed in all the cases. The correlation between KAM and hardness is
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good in certain cases and unclear in few others. In order to quantify the hardness of
individual constituents and understand their evolution with processing, the hardness maps are
deconvoluted using a clustering algorithm as shown in the example in Fig. 8-2. The hardness
map corresponds to ferrite-pearlite, wherein the low hardness regions correspond to ferrite
and high hardness regions to pearlite. The deconvoluted map algorithmically identifies the
two regions — ferrite (blue) and pearlite (red) and enables representation of the deconvoluted
data in terms of histograms as also shown in the figure. Representative histograms of the
ferrite and the secondary constituent for each processing step is also shown. The shift in the

peak position and width with processing can be observed from the histograms.
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Figure 7-18: Quantification of the hardness of individual constituents by deconvolution.

Given the excellent correlation between the microstructure and local hardness (Fig. 8-1), and
the ability of the clustering algorithm to identify and provide quantitative estimates of the
hardness of the individual constituents (Fig. 8-2), a plot showing the evolution of the
hardness of ferrite and secondary constituent during different stages of processing can be

used to present a comprehensive picture. Such a plot is shown in Fig. 8-3, wherein the
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hardness of ferrite and the secondary constituent is plotted for all the processing steps
investigated in this work. In the case of ferrite shown in Fig. 8-3(a), the hardness is higher
after hot rolling and coiling in the case of FM due to the fine distribution of the hard
martensite phase compared to FB and FP. After subsequent cold rolling, hardness increases in
all the cases due to work hardening. During recrystallization, the hardness of ferrite in FB and
FM reduce immediately due to the higher stored energy during cold working of FB and FM
that have finer distribution of harder phase. In contrast, the ferrite in FP shows delayed
recrystallization. Interestingly, after intercritical annealing, the hardness of ferrite in FB and
FM is lower than that of FP. This is due to the retardation of ferrite recrystallization in the
intercritical regime as was also observed in the recrystallization regime. However, if we only
consider the hardness of the recrystallized grains in FP as shown by the yellow symbols, its
hardness matches with that of FB and FM. This implies that the nature of ferrite after
intercritical annealing is largely similar irrespective of the starting microstructure if sufficient

recrystallization can be ensured.

In the case of the secondary constituent shown in Fig. 8-13 (b), the hardness is similar after
hot rolling and coiling and shows an increasing trend with cold rolling. This implies that the
hardness measurements of the secondary phase are slightly affected by the hardening of the
surrounding matrix or ferrite. During recrystallization, the hardness in case of FB and FM
drops drastically due to their dissolution and subsequently rises due to carbide formation and
coarsening. This process is delayed in the case of FP. Finally, the hardness of martensite
formed after intercritical annealing is similar in all cases as the nominal carbon content is
similar. The delayed ferrite recrystallization in case of FP has important implications for
austenite-martensite transformation as the unrecrystallized regions along with quick

cementite spheroidization leads to greater transformation in the case of FP. While this plot
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does not show the volume fractions, the martensite volume fraction and formation kinetics

are faster in case of FP.

The comprehensive study covering various processing steps and extensive microstructural
and mechanical property measurements presented in this work along with hardness
deconvolution, establish a robust framework to explore processing-structure-property
correlation in high strength steels that can be gainfully used to tweak the processing to obtain

the desired properties. .
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Figure 7-19: Deconvoluted hardness during various stages of processing in case of (a) bulk
ferrite and (b) secondary phase / constituents for samples with initial microstructure

consisting of FP, FB, and FM.

8.1 Future scope of work:

The study has provided a framework to establish correlation between microstructure and
mechanical properties at the micrometer length scale for several key steps in
thermomechanical processing of AHSS, employing techniques such as scanning electron
microscopy and nanoindentation. However, for a more in-depth analysis of structural changes

at the submicron level, including the defect and second phase interaction, advanced
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characterization using Transmission Electron Microscopy (TEM) is warranted. On the other
hand, while mechanical properties at the micrometer length scale is investigated in this work
using nanoindentation, uniaxial testing at the macro and micro scale, will provide insights on

the overall strength and ductility under varying processing conditions.

With regards to data analysis, in this work the nanoindentation mapping data was
deconvoluted using the k-means clustering algorithm. While this method is robust and has
been widely used, the potential use of other algorithms for deconvoluting data from
multiphase steels should be explored. Furthermore, in this work, the correlations were
established based on the distributions obtained from the deconvoluted data. However, a pixel
level correlation between the microstructure and property, although very challenging, should

be undertaken.
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