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Abstract

The automotive industry aims at the production of vehicles with low weight, fulfilling high
requirements concerning safety improvements and reduced fuel consumption. Reduction of
vehicle weight is believed to be the most promising factor responsible for significant
improvement in fuel economy in the future. Dual phase (DP) steels of AHSS category are
considered to be the most promising in achieving high strength with low weight. These steels
derive their excellent combination of mechanical properties by second phase martensite
and/or bainite in a ferrite matrix. Research conducted so far in dual phase steels provides the
information about the effect of phase fraction of martensite on tensile properties of dual phase
steels but lags to provide the effect of the morphology and distribution of the martensite
islands on the tensile deformation behavior in dual phase steels. Thus, the present work is an
attempt to look into effect of the morphology and distribution of the martensite islands on the
tensile deformation behavior of dual phase steels. Additionally, an attempt is made to refine
the martensite phase fraction and improve the mechanical properties without compromising
on ductility. Martensite of fine size and that too mainly embedded within the ferrite grains

has been found effective to retain high ductility at high ultimate tensile strength.
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Chapter 1

Introduction

1.1 General

The automobiles with light weight and enhanced safety are key issue in the automobile industry.
A strong competition between steel and low density metal industries has been observed due to
increase in requirements of passenger safety, vehicle performance and fuel economy. The steel
industry has responded to these new challenges by development of high strength steels, named
Advanced High Strength Steels (AHSS) with improved formability and crash worthiness
compared to conventional steel grades [Kuziak et al., 2008]. There are three generations of
AHSS; the first generation AHSS is called ferrite based steels. This generation includes dual-
phase (DP) steels, martensitic (MART/ MS) steels, complex-phase (CP) steels and
transformation-induced plasticity (TRIP) steels. Although the strength level of 1* generation of
AHSS is higher than the conventional micro-alloyed (HSLA) steels, but limited formability
remains a problem. The second generation of advanced high strength steels includes, Twin
Induced Plasticity (TWIP), Light-weight with Induced Plasticity (L-1P) steels and shear band
formation-induced plasticity (SIP) steels. The 2" generation AHSS steels exhibit superior
mechanical properties, but these austenitic grades are highly alloyed resulting in a significant
cost increase [Matlock and Speer, 2010]. Despite the growing market for AHSS, the trade-off
between strength and formability of the AHSS remains the limitation for its application in the
vehicles with stylistically and aerodynamically optimized shapes and safety. In order to fill this
gap between first and second generation AHSS a new generation of AHSS with improved
strength, formability and low cost was introduced and named as third generation AHSS
[Bhattacharya, 2006; Matlock et al., 2012]. The third generation AHSS include: processing to
enhance properties of DP steels; modifications to TRIP steel processing; development of high
strength steels with ultrafine bainitic microstructures; implementation of new processing routes
including Quenching and Partitioning (Q&P) route [Matlock et al., 2012]. Among all of these
types of 1% and 2" generation steels, DP and TRIP steel are considered as a good option as third

generation AHSS because of their good combination of strength and ductility without high



amount of austenite stabilizers [Kwon et al., 2010; Matlock and Speer, 2010; Hao, 2011;
Matlock et al., 2012].

1.2 Advanced High Strength Steels (AHSS)

The AHSS may be distinguished based upon the strength properties that are defined as yield
strength greater than 300 MPa and tensile strength greater than 600 MPa as opposed to the
conventional high strength steels, in which ductility decreases with strength increase; modern
AHSS steels combine high strength and formability/ductility [Kuziak et al., 2008]. AHSS consist
of multi-phase complex microstructure with a ferrite matrix containing martensite and /or
bainite, retained austenite [Bhattacharya, 2006; Kuziak et al., 2008]. These steels result in
reduction of weight by using high strength thinner gauge sheets in automobile bodies reducing
the fuel consumption, and increasing the passenger safety by improved crash worthiness.
Mechanical properties of AHSS steels are controlled by many factors, including: phase
composition and distribution in the overall microstructure, volume fraction, size and morphology

of phase constituents [Kuziak et al., 2008].

1.3 Classification of AHSS

The AHSS can be classified into three categories based on the microstructure and the properties
of steels [Matlock and Speer, 2010]. AHSS steels in use today have been classified as ‘first
generation’ (primarily ferrite-based steels), ‘second generation’ (austenitic grades with high
manganese and sometimes aluminium contents; these steels are closely related to some austenitic
stainless steels). Because of the trade-off between poor formability of first generation and high
alloying cost of second generation, a new generation was introduced called ‘third generation’
with properties superior to the first generation at cost lesser than the second generation AHSS
[Matlock and Speer, 2010]. The classification of AHSS is presented in Fig. 1.1.

1.3.1 First Generation AHSS

The First Generation AHSS include Dual-Phase (DP) steels, Transformation Induced Plasticity
(TRIP) steels, Complex Phase (CP) steels and Martensitic (MART) steels. The first generation

AHSS concepts were developed in fairly lean compositions and are primarily ferrite-based multi-



phase microstructures. The strength level for first generation of AHSS is far beyond that of the

conventional HSLA steels but the limited ductility remains a problem [Matlock et al., 2012].

AHSS

First Generation
DP, TRIP, CP, MART Steels

Second Generation
TWIP, L-IP, S-IP Steels

Third Generation
Enhanced DP, Modified TRIP Steels

Figure 1.1: Classification of AHSS

1.3.2 Second Generation AHSS

The second generation AHSS include the Twinning-Induced Plasticity (TWIP) steels, Light
weight with Induced Plasticity (L-1P) and Shear band formation-Induced Plasticity (SIP). Second
generation of AHSS is austenitic steels with high manganese contents and is closely related to
conventional austenitic stainless steels [Matlock et al., 2012]. Due to retained austenite in the
microstructure, these steel offer excellent combination of strength and formability and overcome
the problem of first generation AHSS of low formability. In addition, industrial processing of
these alloys, specifically the TWIP steels with high manganese contents, has shown to be
extremely challenging and the TWIP grades have also been shown to be prone to delayed
cracking [Kwon et al., 2010; Matlock et al., 2012].

1.3.3 Third Generation AHSS
The third generation of AHSS is intended to produce steels with a better combination of strength
and ductility than the first generation of AHSS and at a lower cost than the second generation

AHSS. The mechanical properties of the third generation of AHSS are intended to fall within the



gap between the first and second generation of AHSS e.g. 1000 MPa tensile strength and 30 %
elongation [Hao, 2011]. In order to reduce the cost, lean alloy steel compositions are used in
developing this generation of AHSS. Because microstructure determines the behavior and
performance of AHSS steels, the design and control of the microstructure becomes essential for
the third generation of AHSS. Third generation AHSS are the extension of first generation steels
by improving mechanical properties through grain refinement. The strategies pursued for the
‘third-generation” AHSS steels include processing to enhance properties of DP steels;
modifications to traditional TRIP steel processing; development of high-strength steels with
ultrafine bainite microstructures; implementation of new processing routes, including quenching
and partitioning (Q&P) and ultra-rapid heating and cooling; and development of high-Mn
content TRIP steels [Hao, 2011; Matlock et al., 2012].

1.4 Microstructure and Properties of Common AHSS Grades

AHSS consist of multi-phase complex microstructure with a ferrite matrix and /or martensite,
bainite and retained austenite. Different types of AHSS show different properties depending
upon their microstructure i.e. DP steel (ferrite, martensite/ bainite), TRIP (ferrite, martensite/
bainite, retained austenite), CP (ferrite/bainite with martensite, austenite, pearlite), MART (lath
martensite) etc. [Kuziak et al., 2008; Matlock et al., 2012].

1.4.1 Dual Phase Steels (DP)

Dual-phase (DP) steels mainly consist of a dispersion of hard martensite grains (10-30 %,
volume fraction) in a soft ferrite matrix. These steels have impressive mechanical properties such
as continuous yielding behavior with superior strength-ductility, better formability and excellent
surface finish over other high strength low alloy (HSLA) steels of similar chemistry [Meng et al.,
2009]. The strength grade of the developing DP steels covers from 400-1000 MPa. These steels
can be welded with all conventional welding methods. Because of their properties, DP steels are
currently the most applied AHSS grade [Kuziak et al., 2008; Meng et al., 2009; Hao, 2011].

1.4.2 Transformation Induced Plasticity Steels (TRIP)
Transformation induced plasticity (TRIP) aided steels are of particular interest to the automotive

industry as they offer an excellent combination of strength and ductility at affordable costs. The



mechanical properties of TRIP steels are due to the multi-phase microstructure which is
composed of ferrite (0.50-0.55), bainite (0.30-0.35), retained austenite (0.07-0.15) and possibly
martensite (0.01-0.05) The excellent ductility and strength in TRIP steels is due to the
deformation induced transformation of retained austenite to martensite [Kuziak et al., 2008, Hao,
2011].

1.4.3 Complex Phase Steels (CP)

Complex Phase (CP) steels belong to a group of steels with high ultimate tensile strength in the
range 400—-1000 MPa [Hao, 2011]. The chemical composition and microstructure of these steels
is very similar to that of TRIP steels but with no retained austenite in the microstructure.
However, additionally these steels contain some quantities of Nb, Ti and or V to cause the
precipitation strengthening effect. CP steels with the bainite matrix have superior formability
because the difference between hardness of bainite and martensite is relatively small [Kuziak et
al., 2008; Hao, 2011; Matlock et al., 2012].

1.4.4 Martensitic Steels (MART)

MART steels provide the highest ultimate strength in final products in the range of
700-1600 MPa [Hao, 2011]. Microstructure of martensitic steels is mainly composed of lath
martensite developed by the transformation of austenite during quenching after hot rolling or
annealing. These steels are often subjected to post-quench tempering with the aim of
improving the ductility and providing good formability even at very high ultimate strength.
The concept of chemical composition of martensitic steels is based upon the proper carbon
content adoption, since this element increases hardenability and  strength.
Manganese, chromium, silicon, molybdenum, boron, nickel and vanadium are also used in
various combinations to increase hardenability [Kuziak et al., 2008; Hao, 2011; Matlock et al.,
2012].

1.4.5 Twinning Induced Plasticity Steels (TWIP)
Twinning Induced Plasticity (TWIP) steels are based on the potential mechanism of obtaining a
superior balance of tensile strength and elongation using twinning induced plasticity effect. This

superior mechanical performance is obtained by gradual twinning during deformation. The



formation of twins partitions the austenite grains and induces the continuous strain hardening,
resulting in improved ductility. The strain hardening behavior is strongly dependent on the
stacking fault energy (SFE), which determines the deformation mechanism of the material. Due
to lower stacking fault energy of TWIP steels, the twinning behavior is enhanced during
deformation and thereby, increases ductility. TWIP steels give superior mechanical
performance, but turned out to be commercially unsuccessful due to their low productivity, high
cost [Kwon et al., 2010; Matlock et al., 2012].

1.5 Quenching and Partitioning Steels (Q&P)

Quenching and Partitioning is a most innovative heat treatment process to obtain steel specimen
with good combination of strength and ductility. In this process specimens are initially heated to
either full or partial austenitization temperature, followed by a quenching of the specimen to a
temperature (called quenching temperature) in between the martensite start (Ms) and martensite
finish (My) temperature to form a known fraction of martensite and austenite. This specimen is
then soaked at the same or higher temperature (called partitioning temperature) to achieve the
diffusion of carbon from the supersaturated martensite to the adjoining austenite. Further, the
steel specimen is quenched to room temperature. Due to this partitioning of carbon from
martensite to austenite, the austenite gets enriched with carbon and becomes metastable even at
room temperature, while the rest unstable austenite transforms to martensite.

This Quenching and Partitioning heat treatment is more effective in obtaining the TRIP effect
(transformation of retained austenite to martensite on deformation) in steels. And thus helps to
obtain an excellent combination of strength and ductility without use of excessive amount of
austenite stabilizers [Santofimia et al., 2008; Santofimia et al., 2011; Wu et al., 2013].

1.6 Strengthening Mechanisms of AHSS

Metallurgists employ various methods to obtain the desired microstructure/ properties in steels.
Strengthening and hardening mechanisms are often used in various combinations to meet
specific requirements, such as strength, formability etc. Most common methods used for
strengthening of AHSS are solid solution strengthening, grain refinement, work hardening,
precipitation hardening, and transformation strengthening [Kuziak et al., 2008; Zhang et al.,
2012].



1.6.1 Solid Solution Strengthening

The strength of a material is dependent on how easily dislocations in its crystal lattice can be
propagated. These dislocations create stress fields within the material depending on their
character. When solute atoms are introduced, local stress fields are formed that interact with
those of the dislocations, impeding their motion and causing an increase in the strength of the
material. When solute and solvent atoms differ in size, local stress fields are created.
In substitutional solid solutions, these stress fields are spherically symmetric, meaning they have
no shear stress component thus substitutional solute atoms do not interact with the shear stress
field characteristic of screw dislocations. And, in interstitial solid solutions, solute atoms cause a
tetragonal distortion, generating a shear field that can interact with both edge, screw, and mixed
dislocations. All these interactions forms bond between the solute and the dislocation to cause
immobilization or pinning of the dislocations. And thus high stress is required to cause the

plastic deformation and thus increase in strength takes place.

1.6.2 Grain Refinement

The effect of grain refinement on the strength and toughness of dual phase steels was studied by
Calcagnotto et al. (2010) and concluded that the grain refinement affects the properties of dual
phase steels and ultrafine grained dual phase steels provide better properties as compared to fine

grained and coarse grained dual phase steels.

1.6.3 Work - hardening or Strain- hardening

When a single crystal is continued to be deformed in the plastic range beyond the yield point, the
shear stress required to produce further deformation increase continuously. The increase in stress
is required to continue the deformation because of previous plastic deformation is called as strain
hardening or work hardening. Reason for this is increase in dislocations density with increase in
deformation. Pile — up of these dislocations act as a barrier against the further deformation and
increase the resistance for further deformation by locking of dislocations on slip
planes [Avner, 2007].



1.6.4 Precipitation Hardening

Precipitation hardening, also called age hardening, is a heat treatment technique used to increase
the yield strength of materials. In order to apply this treatment, the equilibrium diagram must
show partial solid solubility and the solid solubility limit should be decrease with decrease in
temperature. It has two stages solution treatment and aging process. In solution
treatment, material is heated to a single phase region and then is quenched rapidly to room
temperature to result in a super saturated solid solution. In second stage i.e. ageing, controlled
decomposition of super saturated solid solution takes place to form finely dispersed precipitates
[Avner, 2007].

1.6.5 Transformation Strengthening

In processing of steel, phase transformations often occurs which enable strengthening by creating
microstructures with significant amounts of soft phase ferrite and hard phases, such as
martensite or bainite . Such transformations occur in operations like hot rolling, continuous
annealing where steel can cool from high-temperature austenite and transform to these harder
low-temperature phases. This mechanism is mainly utilized in development of advanced high-
strength steels and enables dual-phase, transformation-induced plasticity (TRIP), and other
AHSS steels as represented by Matlock and Speer, 2010.

1.7 New Trends in Advanced High Strength Steels

Advanced high strength steels such as DP and TRIP steels are now expanding their application
since the steels exhibit higher strength and ductility than those of conventional solid solution and
precipitation strengthened high strength steels. Efforts have been made enhance the mechanical
performance of these steels such as ductility, hole expansion ratio, deep drawability etc.
Researchers are focusing on development of extra-AHSS and ultra-AHSS as shown in Fig. 1.2
[Kwon et al., 2010]. Extra-AHSS are designed to utilize nano-scale retained austenite embedded
in fine bainite and martensite. Ultra-AHSS are designed to have austenite as the major phase, and
the ductility is enhanced primarily by continuous strain hardening generated during forming
[Kwon et al., 2010]. Matlock et al. (2012) presented an overview of some of the strategies which

can be used to make steels of third generation AHSS. These strategies include development of
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high strength steels with ultrafine bainitic microstructures; implementation of new processing
routes including quenching and partitioning (Q&P); and development of high Mn content TRIP
steels. Also some steels like Enhanced DP, Modified TRIP Steels and Quenching & Partitioning
(Q&P) based steels have been discussed by Matlock et al. (2012).
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Figure 1.2: Tensile strength and elongation of various steel grades [Kwon et al., 2010]

1.8 Summary of the Chapter

This chapter includes the introduction and need of Advanced High Strength Steels. It discusses
the classification of AHSS based on microstructure and resulting properties. The chapter also
discusses the most common types of AHSS in use along with their characteristics. The details of
strengthening mechanisms related to AHSS have also been explained. Finally, a brief overview
of current developments in the area of AHSS has been discussed. The next chapter summarizes
the research done by various authors in the field of fabrication of DP, TRIP steels of AHSS and
in the field of quenching and partitioning (Q&P) processing route of steels. Also the next chapter
illustrates the gaps in the existing literature in the fabrication of DP, TRIP steels along with Q&P

route, on the basis of which the objective of the proposed work is defined.



Chapter 2

Literature Review

2.1 General

This chapter will provide literature based on information of AHSS, especially transformation
induced plasticity steel and various processes that has been used to improve the properties of

third generation transformation induced plasticity steels.

2.2 Review of the Literature

Adamczyk and Grajcar (2006) investigated the effect of heat treatment conditions on the
structure and mechanical properties of Dual Phase (DP) type steel. For the experimentation, steel
of composition (C:0.09; Mn:1.5; Si:0.26; Ni:0.07; P:0.014; S:0.009; B:0.003; Al:0.029; N:0.012:
Fe: balance; all in wt. % ) was melted and continuous casting of 100100 mm slabs was done.
After solidification the slabs were hot-rolled and forged in order to obtain the rods with a section
of 24x24 mm. The heat treatment of the specimens was realized according to three routes. In the
routes | and Il, the steel was heated to a temperature of 910 °C (« + y region), held at this
temperature for 30 min. In route I, specimen was air cooled to room temp then again heated to
750 °C and water quenched. In route Il specimen was water quenched from both temperatures
viz: 910 °C and 750 °C. The route Il consists in austenitizing of steel at a temperature of
910 °C and air cooling for 45 s to a temperature of 750 °C in order to realize the partial y to a
transformation, followed by water quenching. Route | led to formation of the ferrite structure
with an irregular envelope of martensite on grain boundaries. In route 11, during heating the steel
to an under hardening temperature, the nucleation of austenite mainly occurred on the boundaries
of martensite laths formed after primary quenching from a temperature of 910°C. The
predominated martensite fraction occurred mainly as thin fibers located in surroundings of grain
boundaries. Moreover, in surroundings of martensite, especially at a boundary zone of large
grains of the alpha phase, small grains of the recrystallized ferrite could be identified. In route
I11, martensite was located on grain boundaries of the alpha phase. The optimum fraction of

martensite averaging 20 % occurred after air cooling of the specimens for 45 s. The used

10



conditions of heat treatment led in obtaining the DP-type steels of comparable fractions of ferrite
and martensite. The optimum fraction of martensite was from 21 % to 24 %, and the grain size of
a phase was in the range 7-10 um. The diversified morphology of martensite had influence on
various mechanical properties of the steel and its deformability. The optimum strength and
ductile properties were achieved by route Il. The yield point of this steel was about 520 MPa,
tensile strength about 800 MPa, total elongation 20 %, and uniform elongation about 16 %.
Bhattacharya (2006) reviewed various developments in the area of Advanced High Strength
Steels (AHSS) which included Dual Phase steels, Multi Phase steels, Transformation Induced
Plasticity (TRIP) steels and Martensitic (MART) steels. The author discussed that AHSS are
replacing the conventional steels (used to manufacture structural parts) to increase fuel efficiency
and safety performance. Among AHSS, the authors reported that dual phase steels provide an
excellent combination of strength and ductility. All the dual phase steels developed have been
based on annealing in the two-phase (inter-critical) temperature region and the consequent
increase in carbon content in austenite. High carbon contents in austenite after inter-critical
annealing results in a significant shift of Ms to a lower temperature. Direct quenching from inter-
critical temperature range allows achieving very high strength of steels without expensive
alloying. Multiphase steels, also referred to as complex phase steels are steels with a higher level
of yield strength at the same comparable tensile strength levels of dual phase steels. The only
way to gain yield strength in multiphase structure is to obtain appropriate mixture of pearlite,
bainite as well as ferrite straightened by grain refinement and precipitation strengthening.

TRIP steels, based on the Transformation Induced Plasticity effect, offer the highest combination
of strength and elongation, which is a measure of high level of energy absorption. In addition,
they also show high bake hardening compared to dual phase steels. The relatively slow initial
cooling rather rapid cooling down to the temperature of isothermal holding results in further
enrichment of the remaining austenite by carbon and enhancing its stability. Further growth in its
stability occurs during the austenite to bainite transformation in the presence of strong ferrite
forming elements. This significantly retards the carbide formation part of the bainite reaction and
helps to keep all carbon in the remaining austenite.

Using water quenching in a continuous annealing line, steels with 100 % martensite are

produced. These steels offer very high strength although ductility is lower than other AHSS
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steels. The strength of the steel is controlled by the carbon content and a complete austenitizing
temperature is used to obtain a fully martensitic structure.

Skalova et al. (2006) studied the effect of thermo-mechanical processing (TMP) consisting of
high temperature deformation followed by isothermal holding in the bainite region and cooling
to room temperature, on a low alloy TRIP steel. Seven samples with low alloy multiphase steel
with same chemical composition of C-0.18, Mn-1.45, Si-1.90, P-0.02, S-0.07, Cr-0.06, Cu-0.05,
and Al-0.03 were cut from a forged bar. Samples were processed for seven different TMP
methods as shown in Table 2.1, in the TMP simulator SMITWELD TTU 2002.

Optical metallography (OM), transmission electron microscopy (TEM), scanning electron
microscopy (SEM) and X-ray diffraction were used to characterize the microstructure of
specimens. 3 % nital was used as etchant and Lucia was used as image analyzer to calculate the
volume fraction of ferrite phase. Volume fraction of austenite was determined by X-ray
diffraction phase analysis for all specimens. Specimens T1-T4 showed a heterogeneous
microstructure due to the high austenitization temperature of 950 °C and 900 °C which resulted in

a coarse grained structure.

Table 2.1: Thermo mechanical processing of seven components [Skalova et al., 2006]

Specimen Austenitization Compression deformation Bainitic hold
T1 950 °C/900 s 710 °C/16 s, 30 %, water 400 °C/300 s
T2 950 °C/450 s 710 °C/16 s, 30 %, water 400 °C/300 s
T3 950 °C/450 s 610 °C/16 s, 30 %, water 400 °C/300 s
T4 900 °C/450 s 660 °C/16 s, 30 %, water 400 °C/300 s
T5 850 °C/450 s 710 °C/16 s, 30 %, water 400 °C/300 s
T6 850 °C/450 s 700 °C/16 s, 30 %, CO, 400 °C/300 s
T7 850 °C/450 s 700 °C/16 s, 50 %, CO, 400 °C/300 s

For T5-T7, fine and homogeneous grain structure was caused due to low austenitization
temperature of 850 °C. Sample T2 was detected with highest amount of retained austenite (22
%). T5 was also detected with good combination of retained austenite amount (18 %) and ferrite
(57 %) along with the some pearlite islands and some transformation of retained austenite to
martensite. The desired pearlite-less microstructure was obtained in T6 sample by similar TMP

with faster cooling. Retained austenite was obtained as isolated islands in ferrite grains or as a
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part of bainitic regions and was homogeneously distributed which caused high ductility. TMP of
T7 was similar to T6 along with higher deformation of 50 % and resulted in fine grained ferritic—
bainitic microstructure without pearlite. Austenite islands transformed to martensite were found
less in T7 than in T6. Also, the increased amount of deformation did not affect the microstructure
but only resulted in micro shrinkage in T7 specimen. At the end, the authors concluded that the
optimum TMP for the investigated TRIP steel was: austenitization at 850 °C followed by 30 %
deformation at 700 °C and rapid cooling (in CO,) to the bainite transformation temperature of
400°Ci.e. T6.

Kuziak et al. (2008) presented some basic concepts of Advanced High Strength Steels (AHSS)
for use in the automobile industry, which included their chemical composition design,
microstructure analysis, mechanical properties development during thermomechanical
processing, production technology characterization, potential applications and performance in
service. The authors reported that AHSS are characterized by improved formability and crash
worthiness compared to the conventional steel grades. The category of AHSS covers the
following generic types: dual phase (DP), transformation induced plasticity (TRIP), complex
phase (CP) and martensitic steels (MART). As opposed to the conventional high strength steels
in which ductility decreases with strength, modern AHSS steels combine high strength and
formability/ductility. Microstructure of dual phase steels is composed of soft ferrite matrix and
10-40 % of hard martensite or martensite-austenite (M—A) particles which allows achieving the
ultimate tensile strength in the range of 500-1200 MPa. The strength of the DP steel is controlled
by the amount of martensite and ductility by the size and distribution of this phase. DP steels
possess low YS/UTS ratio (around 0.5) and high strain hardening characteristics (high n value).
Transformation-induced plasticity (TRIP) steels are based on the principle that the strain or stress
induced transformation of retained austenite present in the microstructure in a sufficient amount
can substantially harden the steel during deformation. The mechanical properties of TRIP steels
are derived from their dispersed multi-phase microstructure which is composed of ferrite (0.50-
0.55), bainite (0.30-0.35), retained austenite (0.07-0.15), and possibly martensite (0.01-0.05).
To obtain the best mechanical properties in a product, carbon should be distributed to austenite
and should enrich this phase as much as possible to preserve the Ms below the room temperature
(generally 15-25 °C below room temperature). Complex phase (CP) steels belong to a group of

steels with very high ultimate tensile strength of 800 MPa or even greater. The chemical
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composition of CP steels contains some quantities of Nb, Ti and or V to cause the precipitation
strengthening effect. CP steels have no retained austenite in the microstructure, but contain more
hard phases like martensite and bainite. Their mechanical properties are characterized by
continuous yielding and high uniform elongation. Martensitic (MART) steels provide the highest
ultimate strength in final products, up to 1500 MPa. Microstructure of martensitic steels is
mainly composed of lath martensite, which is developed by the transformation of austenite
during quenching after hot rolling or annealing. AHSS are produced in complex processes
involving thermomechanical processing followed controlled cooling. For producing DP steels,
the cooling process after rolling starts with slow cooling stage (on the run out table) after rolling
in which the desirable amount of ferrite is obtained as a result of the austenite transformation.
The ferrite transformation allows the carbon content enrichment in the remaining austenite,
which increases its hardenability and reduces Ms Temperature. The optimal combination of
strength and ductility of TRIP steels is achieved by grain refinement and obtaining a uniform
distribution of fine second phase particles. The cooling stage in the strip rolling process of TRIP
steels is more complicated than that for DP strips. After producing 50-60 % of ferrite in the
microstructure, accelerated cooling with cooling rate greater than 20 °C/s to the coiling
temperature which lies in the bainitic transformation temperature range, is realized. During coil
cooling, bainitic transformation proceeds, further increase the carbon content in remaining
austenite to around 1.2 %. A part of this austenite, in the amount of 10-15 %, remains
untransformed accounting for the TRIP effect. The concept of CP steels is essentially similar to
those of TRIP steels, however less stringent cooling practice is imposed on the hot band during
the last stage of processing as no presence of retained austenite is required in their
microstructure. Martensitic steels are produced by applying rapid quenching from the austenitic
phase to produce the laths martensite microstructure. Finally from the discussion it was
concluded that a substantial progress has been achieved during the last same years in the
development of AHSS.

Santofimia et al. (2008) studied the effect of partitioning time and temperature on the austenite
stability in a multi-phase steel. A specimen with C-0.19, Mn-1.61, Si-0.35, Al-1.10, P-0.09 (in
wt. %) of 1.2 mm thickness containing a complex microstructure composed of ferrite, bainite,
retained austenite, martensite was taken for experimentation. The specimens were heated at

5 °C/s to a temperature of 900 °C, soaked for 10 min and then were cooled at 100 °C/s to different
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temperatures of 125 °C, 150 °C and 175 °C respectively. Specimens were held for partitioning at
125 °C, 150 °C and 175 °C for 100 s, 10 s, 3 s respectively (as shown in Fig. 2.1).

900 °C — 600 s
S°CJ/s

100 °C /s

M, --}125°C—-150°C—175°C

M, --\ \ \ \ \]OO°C/5
Direct

3s 10s 100s 1000s

Quench

Figure 2.1: Q&P treatments applied to the steel [Santofimia et al., 2008]

Thereafter, they were cooled to room temperature. Light optical microscopy (LOM) with
differential interference contrast (DIC), EBSD and image quality (IQ) was used to analyze the
microstructures and to distinguish between the BCC ferrite and martensite areas. Results showed
that microstructures were composed of ferrite, martensite and retained austenite after the Q&P
heat treatment. Small increment in volume fraction and carbon content of retained austenite was
observed after partitioning for 100 s at 125 °C, 10 s at 150 °C and 3 s at 175 °C respectively. This
increment was attributed to faster carbon partitioning from martensite to austenite at higher
partitioning temperature. Also, a small decrease of carbon content in retained austenite was
observed after 1000 s of partitioning at all the concerned partitioning temperatures. Reason
attributed to this was the formation of carbides in austenite. However, the observed carbon
reduction in the austenite was not large enough because of the presence of Al which retarded
further carbide formation. At the end, the authors concluded that the partitioning time at the
chosen temperatures (125 °C, 150 °C and 175 °C) had a small effect on the microstructure. The
carbon enrichment in austenite was mainly responsible for austenite stability in all the
specimens. However, a slight carbon enrichment of austenite and increase of its volume fraction
was observed with increase in temperatures (125 °C, 150 °C and 175 °C) at different time periods
of 100 s, 10 s, 3 s respectively and was attributed to a faster carbon partitioning from martensite

to austenite at higher partitioning temperatures. Authors also reported a reduction in the carbon
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content of austenite phase after soaking for 1000 s at partitioning temperatures. The reason
attributed to this was carbide precipitation in the microstructure.

Calcagnotto et al. (2010) studied the effect of grain refinement on the strength and toughness of
dual phase steels. Large strain warm deformation at different temperatures and subsequent inter-
critical annealing had been applied to obtain fine grained (2.4 um) and ultrafine grained (1.2 pm)
ferrite/martensite dual-phase (DP) steels. The mechanical properties of the produced steels were
tested under tensile and impact conditions and were compared to a hot deformed coarse grained
(12.4 pm) reference material. The chemical composition of the steel used was (in wt. %) 0.17 C,
1.49 Mn, 0.22 Si, 0.033 Al, 0.0033 N, 0.0017 P and 0.0031 S. To obtain the final
ferrite/martensite dual-phase microstructure, the specimens were subjected to inter-critical
annealing in a salt bath furnace. The temperature was held constant at 730 °C. The samples were
annealed for 3 min in the salt bath, before they were quenched in water to obtain a
ferrite/martensite DP structure. The martensite volume fraction and grain size were determined
using the scanning electron microscope (SEM). The coarse grained (CG) steel had a grain size of
12.4 um and contained 31.3 % martensite in ferrite matrix. Fine grained (FG) steel had grain size
of 2.4 um and comprised of 30.1 % martensite while the ultrafine grained (UFG) steel had grain
size of 1.2 pum with 29.8 % martensite. Cylindrical tensile test specimens with a diameter of 4
mm and a gauge length of 20 mm were machined and tensile tests were conducted at room
temperature. Impact tests were also carried out in the temperature range of -40 °C to 200 °C.
Results showed that with decrease in the grain size, ultimate tensile strength and yield strength
increased remarkably while uniform elongation and total elongation were affected marginally.
The ductile to brittle transition temperature was decreased from 127 °C to 100 °C for fine grained
steels and for ultrafine grained steels it was decreased to 90 °C which showed the improvement in
the impact toughness. The formation of the cracks and cleavage fracture was also suppressed in
the fine grained and ultrafine grained steels. Therefore, it was concluded that the grain
refinement affects the properties of dual phase steels and ultrafine grained dual phase steels
provide better properties as compared to fine grained and coarse grained dual phase steels.

Kwon et al. (2010) discussed the new trends in development of Advanced High Strength Steels
and elaborated on the salient characteristics of the next generation AHSS having enhanced
performance. The conventional AHSS are high strength steels having tensile strength —

elongation (TS-EI) product lower than 25,000 MPa %. The typical steels in this group are DP,
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TRIP and martensite-based complex microstructure steels. The microstructure of these steels
contains phase transformation products like retained austenite, martensite and bainite. In
addition, various thermal cycles are generated to obtain the desired microstructure. These steels
have their own advantages and disadvantages as compared to each other (e.g. a primary
advantage of DP steels compared to TRIP steels is better weldability. However ductility of TRIP
steels is more than DP steels). AHSS with higher hole expansion ratio value have been
developed to enhance stretch flangeability and bendability. A few authors are focusing on the
development of TRIP steels having TS-EI product greater than 25,000 MPa %. This group of
steels are categorized as the so called X-AHSS (e.g. M-TRIP (martensite based TRIP) steel is
defined as the TRIP steel with martensitic matrix). M-TRIP steel is produced by Q&P process in
which austenite is formed at high temperature either by full austenitization or by inter-critical
heat treatment, which is followed by rapid cooling to a temperature between Mg and M to control
the fraction of martensite and retained austenite. The typical TS-El product value is slightly
greater than 25,000 when conventional TRIP steels with lean alloying elements are Q&P
processed and the microstructure consists of uniformly distributed annealed martensite matrix
and retained austenite. In SB-TRIP (Super Bainite TRIP) steel, nano-sized bainitic
microstructure is embedded with retained austenite. This steel has a tensile strength of 1187 MPa
and an elongation of 39 %. In order to enhance the ductility of AHSS, it is desired to have
austenite as the matrix phase. For improved ductility, it is also important to utilize transformation
hardening phenomenon and to control the mechanical stability of austenite phase properly. The
typical TS-El product for ultra-AHSS is greater than 50,000 MPa %. These steels have superior
strength and ductility combination. TWIP (Twinning Induced Plasticity) is a potential
mechanism to obtain the superior balance of tensile strength and elongation, and is extensively
utilized to develop steels of the Ultra-AHSS class. The typical value of TS-El product for TWIP
steels is about 65,000 MPa %, more than three times greater than those of conventional AHSS.
This superior mechanical performance has been obtained by gradual twinning during
deformation. The formation of twins partitions austenite grains and induces the continuous strain
hardening, resulting in improved ductility.

Matlock and Speer (2010) studied the processing opportunities for new advanced high-strength
sheet steels. In this paper author represent the three categories of AHSS and argued that complex

microstructure will be required to obtain good combination of strength and ductility. Authors
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represent the conventional cold-rolled processing of DP and TRIP steel. After that author
represents some new techniques to process DP and TRIP steels. For processing of DP steel a new
technique in which a sample of 0.17 C-0.74 Mn steel was processed in 5 steps to produce
ultrafine grained DP steel. In first step sample was quenched in ice-brine bath from a temperature
of 1000 °C after 30 min soaking and result in fully martensite microstructure that was tempered
in second step. In third step sample was cold rolled up to 80 %. In fourth step sample was
annealed to a temperature 550 °C and soaked for 75 min and then water quenched to form an
ultra fine aggregate of ferrite and carbide. In fifth step, system rapidly heated at 300 °C/s to
temperature in between Ac; and Ac;, soaked for 5—10 sec. This minimizes the ferrite grain
growth and promotes carbide dissolution and austenite formation. An ultrafine structure was
developed with a martensite volume fraction of approximately 0.42 having a uniform distribution
of 2 um martensite islands on water quenching. For processing TRIP steel author recommended
the nitrogen as an austenite stabilizer to provide improved mechanical properties, because of
limited nitrogen solubility, 200 ppm N, was recommended for conventional steelmaking
practice. Because of high nitrogen content lead to high amount of retained austenite stabilization.
Author recommended the use of Q&P heat treatment for better result of all kind of AHSS steels.
At the end author concluded that steels with good properties will contain significant amounts of
a austenite and high strength constituents, including martensite, bainite, ultrafine grained ferrite.
The significant opportunities for the production of new AHSS products have been identified,
although most require higher heating and/or cooling rates, and advance techniques are required
to implement these processing routes.

Nadlene et al. (2011) studied the effect of volume fraction of martensite on the corrosion
behavior and the hardness of a dual phase steel. A low carbon steel (C: 0.226; Mn: 0.928;
Si: 0.219; Ni: 0.0941; P: 0.0296; S: 0.0359; Cr: 0.126: Fe: balance; all in wt. %) was used for the
study. Nine specimens were heated in the furnace at various intercritical temperatures for 25
minutes and quenched in cold water to produce martensite in the microstructure. The first
specimen was heated at the lower intercritical temperature (Ac;) which was 720 °C and the
temperature was increased 12 °C for the following specimens until the upper intercritical
temperature (816 °C) was achieved. After the intercritical annealing process, microstructure of all

5TM

specimens was observed. The corrosion test was done using the CMS 10 DC corrosion

measurement system. The hardness of the specimens was determined using Vickers Hardness
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Testing Machine. Results revealed that the percentage volume fraction of martensite in dual
phase steel was influenced by variation in the intercritical annealing temperature. Higher the
inter-critical annealing temperature, more the volume fraction of martensite produced in the
steel. It was also observed that the interfacial area between the ferrite (anode) and martensite
(cathode) increased with increase in martensite fraction. Hence the corrosion rate increased with
increase in the volume fraction of the martensite. From the hardness tests it was observed that the
hardness of the steel increased with increase in the volume fraction of the martensite. The
hardness of martensite was the result of severe lattice distortion produced due to formation of
this phase. From the above results, it was concluded that the volume fraction of martensite has
great influence on the hardness and corrosion properties of a dual phase steels.

Santofimia et al. (2011) reviewed some important characteristics involved in the Quenching and
Partitioning (Q&P) route. The authors described that the initial microstructure of steel strongly
affects the microstructural and morphological changes during the Q&P process. Authors reported
that existence of high amount of initial martensite promotes the film-like Q&P microstructures,
but the presence of high ferrite in the initial microstructure leads to polygonal Q&P
morphologies. The film-like microstructure promotes the martensite and austenite interface
which leads to the improvement in properties. Authors also reported about the assumptions
which must be considered before deciding the optimal quenching and partitioning parameters:
(1) carbon must be completely partitioned from martensite to the austenite phase at the end of
partitioning process, (2) martensite/austenite interface should remain fixed (austenite fraction
should not change during partitioning), and (3) phenomenon such as bainite formation or carbide
precipitation must be prohibited. Authors also reported that steels to be employed for Q&P
process must have alloying elements to inhibit carbide formation and promote austenite
stabilization. Silicon (Si) is recommended as the most promising alloy element to inhibit carbide
formation. Nickel (Ni) and manganese (Mn) were reported as effective austenite stabilizers
preventing the formation of undesired phases such as epitaxial ferrite, bainite etc. The authors
concluded that the mechanism of Q&P process is mainly affected by the initial microstructure of
steel, alloying elements and martensite/austenite interface.

Matlock et al. (2012) studied the recent developments in advanced high strength steels (AHSS)
and discussed the unique strength and ductility combinations for these steels. The authors argued

that the ongoing research in AHSS is focused on increasing strength and/or ductility to higher
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levels than exhibited by the first generation AHSS without significantly enriching the alloy
compositions, or is aimed at reducing the alloying levels in second generation AHSS grades.
These strategies for making third generation AHSS include: processing to enhance properties of
DP steels; development of high strength steels with ultrafine bainitic microstructures;
implementation of new processing routes including quenching and partitioning (Q&P); and
development of high Mn content TRIP steels. An increase in strength of Dual Phase steels can be
readily obtained by increasing the martensite volume fraction by altering carbon content and/or
intercritical annealing temperature. A strength increase has also been obtained by microstructural
refinement resulting from special hot deformation practices, one of which is referred to as
Deformation Induced Ferrite Transformation (DIFT). The authors reported about a recent work
conducted to create ultrafine bainitic microstructures. The microstructure was obtained after a 15
day heat treatment, a time which may be too long for industrial purposes and thus further work
has been done on increasing bainite kinetics, reducing heat treatment to hours rather than days by
alloying with Al and/or Co. Quenching & Partitioning (Q&P) has been proposed recently as a
new way of producing martensitic steels containing enhanced levels of retained austenite. The
process consists of a two-step thermal treatment where the steel is quenched to a predetermined
temperature (quench temperature, QT) in the Ms—M; range to produce a partially martensitic,
partially austenitic microstructure. The second, so-called partitioning step, aims at carbon
enrichment of the austenite by (partial) carbon depletion of the martensite and carbon transport to
the austenite. Thus, carbon stabilized austenite is retained in the microstructure after final
guenching to room temperature. The addition of molybdenum retards bainite transformation
kinetics and increases the retained austenite volume fraction whereas aluminum substitution for
silicon accelerates the bainite reaction and reduces the retained austenite fractions. High retained
austenite fractions are believed to result in improved strength and ductility. An alternative
process to produce fine grained or ultra-fine grained duplex ferrite-austenite microstructures
based on “medium” manganese, low carbon (0.1 wt. %) compositions is manganese enrichment
of austenite during inter-critical annealing applied to a cold rolled 0.1-C, 7.1-Mn (wt. %) steel to
produce a range of microstructures with varying austenite fraction and stability. Based on
equilibrium thermodynamic predictions, samples of the steel are annealed for 168 h at
temperatures between 575 °C and 675 °C. The long annealing times are employed to facilitate Mn

partitioning. The resulting microstructures includes between 2-43 % retained austenite in a fine
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grained ferrite matrix (between 0.9 and 1.5 um). It is important to note that alloy designs have
been based primarily on low carbon steels due to welding considerations.

Ming et al. (2012) studied the combined effect of (deformation induced ferrite transformation)
DIFT and Q&P process to get ultrafine-grained ferrite in the matrix of martensite and retained
austenite to develop a new kind of advanced high strength steel. Steel of chemical composition
(C-0.20, Mn-1.87, Si-1.42, Al-0.040, P-0.012 in wt. % i.e. TRIP 780 slab) was selected for
experimentation. Gleeble 3500 thermo-mechanical simulator was utilized to perform
experimentation. Specimens were cut in size of 3 mm width and 10 mm length. Specimens were
heat treated at a heating rate of 10 °C/s to 900 °C, soaked for 5 min followed by cooling at 50 °C/s
to the deformation temperature of 850 °C. Specimens were then compressed at a strain rate of 1
mm/s to a strain of 0.6. After deformation, specimens were instantly quenched to a temperature
of 300 °C, in between the Mg and M; temperatures. Partitioning for a few seconds was allowed at
this temperature of 300 °C, and then the specimens were quenched to room temperature. XRD
technique was used to investigate the amount of retained austenite. Microstructure of steel was
analyzed by optical microscope and a JSM-6460 scanning electron microscope (SEM) after nital
etching. XRD results indicated that increased amount of retained austenite can be retained by the
Q&P process. In the present work, this amount increased from 3 % to 13 % with increase in
partitioning time from 0 s to 120 s. Steel specimens subjected to DIFT process only without
partitioning showed the highest ultimate tensile strength (UTS) of 1603 MPa with elongation
near about 11 % only. Also the combination of DIFT and Q&P resulted in UTS of 1200 MPa
with more than 15 % elongation. The specimen treated by Q&P process only resulted in UTS of
about 1281 MPa and elongation about 12 %. At the end, the authors concluded that a good
combination of strength and ductility can be achieved by combining DIFT with Q&P process.
Also, the percentage elongation of steel could be improved from 12 % to higher values by
maintaining UTS of about 1200 MPa. Thus, this new type of combined process (DIFT + Q&P)
could be a most useful heat treatment for the new generation of advanced high strength steels
(AHSS).

Bohlooli and Nakhaei (2013) studied the effect of ferrite percentage on the mechanical
properties of bainite/ferrite dual phase 4340 steels. Steel specimens in the form of 30 mm
diameter bars containing C-0.40, Si-0.29, Mn-0.62, P-0.019, S-0.004, Cr-0.73, Ni-1.77, and Mo-
0.21 in wt. % were selected for experimentation. Specimens were homogenized at 1000 °C for 2
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h and finally were cooled to get final microstructure composed of different ferrite concentrations
i.e. 37, 46 and 51 %. Optical microscope was used to analyze the microstructure. Ferrite volume
fraction was determined by ‘Image J’ image analyzer software. Vickers indenter with 5 kg load
was used to measure the hardness value of specimens. Tensile test specimens were cut from the
bars with their longitudinal axes parallel to the rolling direction as per ASTM-A370-B standards.
The authors reported that increase in volume fraction of ferrite from 37 to 46 and to 51 %
resulted in decrease in yield strength (for change in vol. fraction from 37 to 46 %, decrease in
yield strength was about 37 MPa; and for 46 to 51 %, decrease was 87 MPa), ultimate strength
(decreased by 45 MPa and 119 MPa respectively), and also decrease in total percentage
elongation (decreased by about 2.85 and 3.15 % respectively). Decrease in yield strength with
increase in volume fraction of ferrite was attributed to the presence of moving dislocations in
ferrite phase which yield at lower stress. Also, increase in volume fraction of ferrite led to
decreased bainite volume fraction, increased retained austenite, and thus decreased ultimate
tensile strength. Increase of ferrite content increased the hardness and strength of bainite phase
(by enriching it with additional carbon). This further overcame the ductility characteristics of
ferrite and finally caused decrease in percent elongation of steel with increase of volume fraction
of ferrite. Further the authors reported that steel with 37 % ferrite had greater hardness (412
VHN) than the steel with 46 % (362 VHN) and 51 % (321 VHN) ferrite. This reduction was due
to increase in presence of soft phase ferrite in microstructure. Further, the authors concluded that
increase in ferrite fraction in ferrite-bainite microstructure resulted in decrease in all the
properties including yield strength, ultimate tensile strength, hardness and percentage elongation.
Han et al. (2013) studied the effect of cooling rates on the suppression of Mg temperature.
Authors reported that different cooling rates lead to the different carbon partitioning from
carbon-supersaturated ferrite to metastable austenite during intercritical annealing and thus affect
the M temperature. Steel with composition 0.17C-0.57Si—2.07Mn (in wt. %) was cold rolled to
1.2 mm from 5 mm thickness. EUAV hot dip process simulator was used to simulate the
industrial continuous annealing process. The cold rolled plates were heated to 800 °C for 100 s,
and then slowly cooled to 660 °C. After that three different process routes were studied. First was
the gas-jet cooled and overaged steel (G-steel); it was cooled to a temperature of 250 °C using a
gas-jet with cooling rate of 25 °C/s. Second was the fast spraying water cooled and tempered

steel (FT-steel); it was cooled by spraying water (60 °C/s) to room temperature and then
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tempered at 250 °C. Third was the quenched and tempered steel (Q-steel); it was water quenched
(1700 °C/s) to room temperature and then was reheated to the tempering temperature (250 °C).
Microstructure characterization along with retained austenite measurement was performed by
XRD, TEM, and SEM. A dilatometer microstructure evolution experiment using the Baehr
DIL805A high-resolution differential dilatometer was designed to analyze the phase
transformation process.

Results indicated an increase in yield and tensile strengths of FT-steel by 213 MPa and 172 MPa
with increasing cooling rates from 25 °C/s to 60 °C/s respectively in comparison with G-steel.
This was because of the fast cooling rate of FT-steel which exhibited a microstructure
comprising of big packet martensite and ferrite which was almost similar to Q-steel. On the other
side, the G-steel relatively exhibited small martensite and ferrite packets. Also XRD analysis
reported the austenite volume fraction of 1.9 % and 2.7 % in Q-steel and G-steel respectively.
And this was due to the different phase transformations during annealing process. Further the
dilatometer test showed that martensitic transformation of G-steel occurred after overaging
(121 °C), and for FT-steel it took place at (346 °C). The reasons for the suppression of M;
temperature was attributed primarily to ferrite transformation from metastable austenite at a
relatively slow cooling rate (i.e. 25 °C) and secondarily to the increase in carbon concentration of
metastable austenite by carbon partitioning from carbon-supersaturated ferrite to metastable
austenite during the rapid cooling process. These two conditions did not take place in Q-steel.
This was because very fast cooling of sample to room temperature suppresses the carbon
diffusion completely and resulted in higher My temperature. Authors concluded that the carbon
partitioning leads to enrichment of alloy elements in austenite and decrease the Ms temperature
considerably. The M suppression due to carbon partitioning changed the martensitic
microstructure from lath to twinned, resulting in higher strength.

Wu et al. (2013) studied the thermal stability of retained austenite in Q&P steel during
tempering at elevated temperature by use of differential scanning calorimetry (DSC). Steel with
composition (C-0.20; Si-1.42; Mn-1.87; Al-0.0405; P- 0.012; S-0.0006) was selected for testing.
In Q&P process, steel was heated to a temperature of 900 °C soaked for 5 min followed by
quenching in a salt bath at 320 °C for 60 s (i.e. named as Q&P 320-60) and then water quenched
to room temperature. Another specimen was quenched into liquid nitrogen from 90 °C after

soaking for 5 min to produce a fully martensite structure and was named as (liquid nitrogen
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quenched) LNQ. Zwick (T1-FRO20TN A50) tensile testing machine was used to measure the
mechanical properties at a strain rate of 10> s at room temperature. Nikon (EPIPHOT 300)
optical microscope was used for microstructure examination after nital etching. Austenite
volume fraction at room temperature was determined by X-ray diffraction by using a (D/max-
2550) X-ray diffractometer. Kinetics of austenite decomposition was studied by differential
scanning calorimetry (DSC) for which specimens of size 1.3 mm (in height), 3.5 mm (in
diameter) were heated from 25 °C to 500 °C at heating rates of 5, 10, 15, 20 K/min in DSC
chamber, and then cooled to 25 °C at a rate of 40 K/min. Kissinger method was used to determine
activation energy. Q&P based specimen resulted in high amount of retained austenite (10.6 %)
than LNQ (1.5 %) specimen. Tensile properties of given two steels are presented in Fig. 2.2.
Q&P based steel resulted in a good combination of tensile strength (1311 MPa) and elongation
(13.6 %) with large n value (0.085) compared to LNQ (0.033). These results indicated that the
Q&P steels had more potential to show a better TRIP effect than LNQ. Also, the activation
energy of austenite decomposition was determined to be 221.3 KJ/mol with thermal
decomposition temperature of retained austenite in range of 400 °C to 500 °C which was also an
indicative of good TRIP effect. At the end the authors concluded that the Q&P steel was superior
to LNQ steels with better combination of strength (1311 MPa) and elongation (13.6 %) and with
high thermal stability.

1600 b —QP320-60
w—LNQ

Tensile strength (MPa)
g § 8
——

Strain (%)

Figure 2.2: Mechanical properties of LNQ and QP 320-60 Steel [Wu et al., 2013]

Meng et al. (2014) performed fast-heating annealing on a cold rolled dual phase steel in order to

explore the possibility of fast-heating routine on large scale production. A cold rolled dual phase
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steel (Fe — 0.07C, —1.7Mn, — 0.429Si) sheet with 70 pct cold rolled ratio was investigated for the
study. Same composition steel produced through continuous annealing was also used for the
comparison. From the dilatometer study, the lower and upper critical temperatures were found
out to be 1023 K and 1193 K respectively for the heating rate of 500 K/ s. Specimen was heated
at 500 K/ s to 1123 K, soaked for 2 s and then cooled down to 323 K. Microstructure evaluation
and tensile testing was done for both the steels i.e. fast heated (FH) and continuous annealed
(CA). Tensile tests showed that the yield strength for the fast heated sample increased from 277
MPa to 372 MPa and ultimate strength increased from 625 MPa to 666 MPa. The total
elongation was also increased from 23.3 % to 26.6 % as compared to the continuous annealed
sample. Compared to the continuous annealed sample, the ferrite grains were observed to be
refined strikingly in the fast heated sample. The fine and fibrous morphology of the martensite in
the FH sample resulted in the improvement of strength. Hence, it was concluded that the
simplified fast heating process can be an alternative route for the production of the dual phase
steels.

Ramazani et al. (2014) studied the effect of martensite banding on the failure initiation in dual-
phase steel. DP600 steel (C - 0.078, Si - 0.025, Mn - 1.58, P - 0.015, S - 0.001, Cr -0.055,
Ni - 0.024, Al - 0.032, Cu - 0.010, V - 0.011) in cold-rolled, ferrite-pearlite state with thickness
of 1 mm was selected as test sample. To obtain the same percentage of martensite at different
temperatures (790 °C and 760 °C) and heating rates (1 °C/s and 100 °C/s respectively for the two
temperatures), the samples were quickly gas-quenched at a rate of 80 °C/s to form martensite (35
% vol. fraction) from austenite in both cases. Digimizer software was used to quantify the aspect
ratio (length/ height) of martensite islands in DP microstructures. With the first condition (790
°C;1°C/s), an aspect ratio of close to 1 was obtained and the microstructure was described as an
equiaxed microstructure. For the second condition (760 °C; 100 °C/s), a banded microstructure
with an aspect ratio of 7.2 was obtained. The ferrite grain size was quantified as 5.6 and 6.1 um
respectively for equiaxed and banded microstructures through the linear intercept method.
Carbon content in ferrite and martensite was calculated as 0.0035 % and 0.216 % for equiaxed
microstructure and as 0.0045 % and 0.214 % for banded microstructure, respectively. In order to
better localize the area of probable crack formation, the strip was notched. The bending test was
performed up to a load of about 130 N and a displacement of the central rod up to 5 mm. The

load was held stepwise in order to record the surface images of the samples in the SEM. In order
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to identify the crack initiation and the correspondent local strain, three parallel mini tensile tests
with digital image correlation (DIC) technique were carried out parallel to the rolling direction.
In situ analysis of bending test in SEM combined with electron backscatter diffraction (EBSD)
measurements before and after the test showed that crack initiation occurred in martensite
islands. Representative volume element (RVE) modeling combined with extended finite element
method (XFEM) was applied to simulate martensite cracking on mesoscale. Finally image
quality (1Q), the inverse pole figure map and Kernel Average Misorientation map before and
after the in-situ test showed that crack initiation occurred in martensite region and thus validated
the modeling approach. Figure 2.3 presents the SEM images of the given specimen, this presents

that the failure initiation in given DP steel took place in martensite region.

Figure 2.3: Failure initiation positions in DP steel with (a) equiaxed and (b) banded
microstructures [Ramazani et al., 2014]

At the end, authors concluded that the martensite cracking was identified to be the main failure
initiation mechanism in equiaxed and banded DP steels. Further, in martensite, equiaxed

microstructure showed better failure resistance than the banded structure.

2.3 Summary of Given Literature

1. Several authors have worked on the first generation AHSS and have successfully achieved
high strengths as compared to the conventional steels. However, achieving good formability

still remains a problem. Some authors have worked to overcome this problem and have
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substantially improved upon the ductility and strength by forming second generation AHSS.
The mechanical properties of second generation, however, depend upon expensive alloy
additions which makes them expensive for use. Moreover, alloy additions impair the
weldability also in second generation AHSS. Finally, a few authors have reported their work
on the third generation AHSS, where first generation steels have been modified through a
combination of suitable alloy additions (though leaner than second generation counterparts),
and improved processing routes for improved formability, strength and toughness
[Bhattacharya, 2006; Kuziak et al., 2008; Matlock and Speer, 2010; Matlock et al., 2012].
Some authors have reported that complex microstructures consisting of significant amount
of retained austenite and high strength constituents, including martensite, bainite, ultrafine
grained ferrite are required to obtain good combination of strength and ductility
[Bhattacharya, 2006; Kwon et al., 2010; Matlock and Speer, 2010].

Some of the authors have reported that DP and TRIP steels offers the highest combination of
strength and elongation, which is a measure of high level of energy absorption and has great
potential to act as a third generation AHSS [Kuziak et al., 2008; Matlock and Speer, 2010;
Matlock et al., 2012].

Some of the authors have made attempts to obtain the microstructure with ultrafine/fine
ferrite in order to improve the tensile properties of AHSS steels [Calcagnotto et al., 2010;
Ming et al. 2012].

2.4 Gaps in Literature

1.

In so far attempts made by researchers refinement of ferrite phase and fraction of martensite
was mainly concerned. Very few attempts have been made to investigate the effect of
annealing process variables on martensite volume fractions and its subsequent effect on

tensile properties.

Very limited literature is reported to study the effect of morphology and distribution of the
martensite islands on the tensile deformation behavior in a cold rolled dual phase steel.

DP steel reported so far contains the lath type martensite and it is also reported that the crack
initiations took place in the interlath of martensite which further lead to failure of steel, even

after this information no attempts have been made to alter these lath shape martensite into
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some more appropriate shape to obtain the better mechanical properties i.e. strength and

ductility.

4. Authors have discussed the different approaches for refinement of grain size in the
microstructures (i.e. alloying element addition, thermo-mechanical processing etc.) to
improve the mechanical properties in DP steels, but no attempt has been in use of thermal
cycling (a processing route in general applied for refinement of grain size) for processing of
DP steels.
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Chapter 3
Design of the Study

3.1 General

This chapter brings forward the detailed design of the proposed research work. It presents the
overall objective of the proposed research, methodology, and experimental procedure to be
adopted and also specifies the machines, equipment and the software which helped to achieve the
desired objective.

3.2 Establishment of the Objective Function

Dual phase steels derive their properties by composite nature of the microstructure, namely;
martensite or bainite in a ferrite matrix. Attempts have been made to improve the properties of
DP steel by varying the volume fraction of martensite/bainite and refining the grains of ferrite in
the DP microstructure. Some authors have investigated the pattern of microstructural
deformation and corresponding mechanical behavior of dual phase steels composed of ferrite and
martensite. During these investigations of microstructural deformation pattern, authors were
mainly concerned about the phase fraction dependent tensile deformation behavior of DP steels.
Research has not been conducted to investigate the effect of distribution of different sized
martensite grains on the deformation behavior of dual phase steels. The present study is an
attempt to look into the effect of morphology and distribution of martensite islands on the tensile
deformation behavior of DP steels.

The overall objective of the present work was to investigate the effect of morphology and

distribution of martensite islands on tensile deformation behavior of dual phase steels.

The key issues to be taken up during the research work were as follows:

e To study the effect of thermo-mechanical processing (TMP) parameters on the
microstructural constituents of DP steels, in terms of grain size, phase fraction, and
distribution. Four different thermo-mechanical processing routes to be employed for this
task.
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To analyse the effect of volume fraction and morphology (shape, size and distribution) of

martensite phase on the tensile deformation behavior of dual phase steels.

The overall objective of research work consisted of the following sub-issues:

-

To examine the microstructure and mechanical properties of the as-received steel by using
optical microscopy/ SEM analysis and tensile testing.

To predict the martensite fraction required to achieve the desired tensile properties of DP
steel under investigation by using micro-mechanical modeling approach.

To determine the inter-critical annealing parameters like annealing temperatures, soaking
time periods and cooling rates etc. (to obtain DP microstructure) by using commercial
software viz. Thermo-Calc, DICTRA and JMat-Pro.

To determine the various annealing processing routes to obtain DP microstructure with
different martensite shape, size, fraction and distribution.

To conduct the annealing experiments in the annealing simulator for the above mentioned
heat treatment routes.

To conduct microstructure characterization of the annealed specimens through optical
microscopy, and SEM analysis. Also, to determine the area fractions and distributions of
ferrite and martensite phases using ‘analySIS FIVE Digital Imaging Solutions’ software.
To carry out the tensile testing of samples treated under various conditions and to analyse
the microstructural dependent tensile deformation behavior of dual phase steels.

To identify the factors resulting in good tensile strength-percentage elongation

combinations to further improve the heat treatment routes for processing of DP steels.

3.3 Experimental procedure

The detail of experimental procedure followed in the present research work is described as

follows:

3.3.1 Starting Material

The starting material was a 67 % cold rolled steel sheet of chemical composition as shown in

Table 3.1. The as-received steel comprised of ferrite and pearlite in its microstructure. Specimens

of the as-received steel were prepared for microstructural examination using standard
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metallographic techniques like mounting, grinding, rough polishing, final polishing, etching etc.
Nital etchant (solution of 3 % HNOj in ethanol) was used to analyse the phase details present in

the steel through optical microscopy.

Table 3.1: Chemical composition of the starting steel

Element C Mn Si S P Al N Fe

wwt, | 0.074|1.83|0.43|0.002 | 0.012 | 0.026 | 0.0032 | Balance

3.3.2 Prediction of Material Properties Using Micro-Mechanical Modelling
Micro-mechanical modeling is a technique to predict a material’s behavior based on its
microstructural characteristics, without extensive experimental investigations. In the present
work, micro-mechanical modeling technique was employed to estimate the tensile strength of
steel under investigation containing DP structure with different martensite fractions.

In one of the approaches of micro-mechanical modeling put forward by Allabasi (2004), tensile
curve of each phase (here, fully ferritic and fully martensitic separately) present in the steel with
DP microstructure is determined individually. In order to predict the tensile curve of individual
phases, the steel is subjected to heat treatment to develop a fully ferritic or fully martensitic
structure, and subsequently, the tensile curve for individual phases is obtained by actual tensile
testing [Allabasi, 2004; Singh, 2014]. In another approach of micro-mechanical modeling, flow
stress of an individual phase is predicted through a dislocation based strain hardening
methodology [Sodjit et al., 2012; Toudeshky et al., 2014]. This approach was used in the present
work. According to this approach, the effective stress-strain curve for individual phases can be
described using Eq. 3.1 [Toudeshky et al., 2014].

J 1—exp(—Mke) 3.1)

kL

o =0,+Ac+aMuVb

where, o is the flow stress at a true strain of . g, is the initial flow stress and represents the
effect of alloying elements in solid solution and is given as Eq. 3.2 [Toudeshky et al., 2014].

o, (in MPa) = 77 + 750 (%P) + 60 (%Si) + 80 (%Cu) + 45 (%Ni) + 60 (%Cr ) + 80 (%Mn) + 11
(%Mo) + 5000 (%N) (3.2)
Ao provides material strengthening by carbon content in solution. For ferrite, it is given by Eq.
3.3 [Toudeshky et al., 2014].
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Ao (in MPa) = 5000 * (%Css') (3.3)

For martensite, it is given by Eq. 3.4 [Toudeshky et al., 2014].
Ao (in MPa) = 3065 * (%Css™) — 161 (3.4)

where, ‘%Css"” and ‘9%Css™ denote the percent weight carbon content in ferrite and martensite
phases respectively. In the present work, the value of %Css'and %Css™ were taken as 0.005 %

and 0.15 % respectively [Ramzani et al., 2013].
The term, [aMuvb @]

signifies the effects of dislocation strengthening as well as

work softening due to recovery, where « is a material constant having a value of 0.33, M is the
Taylor factor with value of 3, u is the shear modulus of material (taken 80000 MPa for the given
steel), b is the Burger’s vector and was taken as 2.5%10% m, k is the recovery rate. The value of
k, in case of ferrite was taken as 10°/d, (d, refers to the average ferritic grain size). For
martensite, k was taken as 41 [Toudeshky et al., 2014]. L is the dislocation mean free path. For
ferrite, it is equal to the ferritic grain size d,, while for martensite, it is taken as 3.8x10°® m
[Toudeshky et al., 2014]. The value of d, was assumed to vary in the range 3-8 um in the present
work [Sodjit et al., 2012; Ramzani et al., 2013; Toudeshky et al., 2014].

Using the values of various parameters in Eq. 3.1, the true stress-strain curve for individual
phases was obtained.

Further, Eq. 3.5 and Eq. 3.6 were used to determine the parameters ng, n,,, Ky, K,, for each
phase (i.e. ferrite and martensite) by fitting linear curves between In (true stress) and In (true
strain) obtained individually for ferrite and martensite respectively, as reported by Allabasi
(2004).

o1=Kr (&, + &)nf (3.5
Om=Km (&, + Em)Nim (3.6)
Here, n; and n,, are the strain hardening exponents for ferrite and martensite phases respectively;
K and K, are the Hollomon strength coefficients for ferrite and martensite respectively; &, is
taken as taken as 0.002. & and &y, are the uniform true strains for ferrite and martensite

respectively. These values of ng, n,,, K¢, K;,, and g, are further used in the rule of mixture [Eq.
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3.7, as reported by Alabbasi, 2004] to get the composite true stress behavior of the DP steel at
different volume fractions of martensite phase in the microstructure.

Oc =Vin Km (&0 + em)nm + (1- Vi) K (g, + g )Ny (3.7)
where, g is true stress (composite stress) for the given material (i.e. DP steel processed through
a particular route and containing a particular martensite volume fraction), V¢ and V;, are the
volume fractions of ferrite and martensite respectively in the given steel.

Composition used in the present work belongs to the DP 590 steel i.e. UTS of 590 MPa [Sung et
al., 2010; Li et al., 2013; Meng et al., 2014]. In the present work, micro-mechanical modeling
was employed to predict the minimum martensite volume fraction needed in the given steel to
provide strength value in excess of 590 MPa (UTS > 590 MPa).

3.3.3 Study of Phase Transformations Using Commercial Software

The next step was to determine the annealing process parameters to obtain the desired DP
microstructures (as predicted by the previous step). Thus, in this phase of research, annealing
parameters including inter-critical temperature range (lower and upper critical temperature of the
steel under investigation), soaking time periods at the heat treatment temperature, cooling rates
etc. to be followed for the steel during its annealing were determined by commercial software
viz. JMat-Pro, Thermo-Calc and DICTRA. These software were used to construct the CCT
diagrams, equilibrium phase diagrams, and phase fraction diagrams etc. of the steel under

various conditions.

3.3.4 Annealing Simulation and Microstructural Analysis

Annealing simulations were now conducted with process parameters as predicted in the last
section. Annealing experiments were conducted on tensile specimens cut into standard dog-bone
shape with gauge length of 35 mm as per the ASTM standard E-8M. Annealing experiments
were performed in the annealing simulator for various processing routes (by following different
soaking temperatures, soaking time periods and cooling rates). The alternate cooling routes were
obtained in the simulator through a mixture of hydrogen and nitrogen gases, by varying the
proportion of gases in the mixture or by varying the injection pressure.

To reveal the microstructure clearly, two types of etching techniques (i.e. nital etching, and
picral+ Na,O3Ss respectively) were employed. Nital (3 % HNOj in ethanol), a non- color etching
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revealed the ferrite as white and martensite as black. The second etching technique was a color
etching technique and was used in some selected cases. In this color etching technique,
specimens were pre-etched with picral etchant (i.e. 4 % picric acid in ethanol) for 60 s and
thereafter etched in a solution of 10 % Na,OsSs in distilled water for 15 s. Color etching revealed
ferrite as light brown and martensite as dark brown. Evaluation of the morphology i.e. Shape,
size and distribution etc. of phases in various steel samples was done with the help of image

analyzer software ‘analySIS FIVE’.

3.3.5 Analysis of Microstructure Dependent Tensile Deformation Behaviour

Microstructure deformation pattern is most effective to explain the mechanical behavior of
materials. In order to evaluate the deformation behavior of microstructures and their effect on
tensile properties, microstructural examination of tensile tested specimens was conducted on the
tensile specimen at two places i.e. one at the fracture tip, and the other at a location away from
the fracture tip. Stress level at the fracture tip was considered to be the higher than the stress
level at the location away from the tip. Parameters that affect the tensile deformation behavior

such a size, shape and distribution of martensite phase were evaluated.

3.4 Commercial Software

Thermo-Calc, DICTRA and JMat-Pro were used in the present study to predict the intercritical
temperatures, soaking periods and cooling rates desired to obtain different DP microstructures.
Further ‘analySIS FIVE software’ was used to study the distribution and fractions of martensite
and ferrite phases. The details regarding use of these software packages in the present research

are as follows:

A) Thermo-Calc

Thermo-Calc software (Thermo-Calc 3.0; developed by Thermo-Calc Software AB, Stockholm,
Sweden) was used to determine the inter-critical temperatures and phase fraction diagrams. For
this purpose, equilibrium phase diagram and phase fraction diagrams were plotted for the given
alloy chemistry. Equilibrium phase diagram provided information about the inter-critical
temperatures (Ac; and Acs), while phase fraction diagram provided information about the

volume fraction of various phases.
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B) DICTRA

Diffusion Controlled TRAnsformations (DICTRA) software (DICTRA: version 27; developed
by Thermo-Calc Software AB, Stockholm, Sweden) is a general software package for simulation
of single and multicomponent systems. Any number of components may be treated (provided
that necessary thermodynamic and kinetic data are available). DICTRA is particularly suitable
for treating problems involving one-phase problems, moving boundary problems, diffusion in
multi-phase systems etc. DICTRA is based on numerical solutions of multi-component diffusion
equations in various regions of a material. DICTRA software was used in the present work to
predict the time required for complete pearlite dissolution during isothermal holding at different

annealing temperatures respectively.

C) JMat-Pro

JMat-Pro software (JMat-Pro 6.1; developed by Sente Software Limited, Guildford, United
Kingdom) was used to construct the CCT diagrams at different annealing temperatures. For each
annealing temperature, a distinct CCT diagram was prepared. CCT diagram helped to predict the
cooling rate required for complete austenite to martensite transformation, as required in dual

phase microstructure.

D) analySIS FIVE Digital Imaging Solutions

The ‘analySIS FIVE Digital Imaging Solutions’ software (analySIS Five 5.05.07; developed by
Olympus Soft Imaging Solutions, Notting Hill, Australia) is a leading software for image analysis
and processing. It can analyze area and pixel value statistics of user-defined selections and
intensity threshold objects. This software can display, edit, analyze, process, save, and print 8-bit
color and gray scale, 16-bit integer and 32-bit floating point images. It can create density
histograms and line profile plots and distribution plots for various phases. For the present study,
analySIS FIVE was used to measure the fraction and size distribution of martensite phase from

the optical micrographs for the various steel samples.

3.5 Annealing Simulator

Annealing simulator is specialized equipment for annealing of steel samples in a controlled

environment. In this simulator, the samples to be annealed can be heated in a controlled
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environment and can be cooled under controlled cooling rates. The simulator has been designed

and developed jointly by CSIR-NML and Tata Steels, Jamshedpur (as in Fig. 3.1). The

description of the annealing simulator is as follows:

a) Heating system: The simulator is based on a unique high speed heating method which
makes it capable of typically running the thermal tests at rates 7-10 times faster than the
conventional furnace equipped devices. Also, the simulator can maintain and hold the
specimens at steady-state equilibrium temperatures. The thermocouples fitted in the chamber
provide signals for accurate feedback control of specimen temperatures.

b) Cooling system: Cooling of the specimens is achieved by purging a gas mixture of hydrogen
and nitrogen at very high pressures. Different cooling rates can be achieved by either
changing the percentage of hydrogen gas in the gas mixture or the purging pressure or both.

c) PLC based digital control system: The heart of the system is the PLC based digital control
system. It provides all the signals necessary to control the annealing simulator variables
simultaneously through a digital closed-loop system. The system can be operated in several
modes (totally manual control, combination of computer and manual control etc.) to provide

maximum versatility in the annealing simulations.

Process simulation of annealing simulator

Simulation of metallurgical processes requires controlled process environment, high
temperatures and controlled heating and cooling rates over a wide range. Annealing simulator
enables controlled process environment and controlled heating and cooling rates.

Heating mode: Heating mode is by radiation. A maximum operating temperature of 1050 °C is
achievable at controlled heating rates.

Process environment: Gas mixing system can produce a H,-N, gas mixture of 5-30 % H, for
maintaining the inert atmosphere, which is desired for bright annealing of steels. Pure H, or N,
gas medium can also be used in the system.

Cooling medium: Controlled cooling rates (>100 °C/s) of specimens can be achieved by using
high pressure gas jet. Multiple options for cooling medium are available; such as hydrogen,

nitrogen, or mixture of these, atomized water etc.
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Figure 3.1: Annealing simulator (Courtesy: NML, Jamshedpur)

3.6 Sample Preparation to Evaluate Microstructures

Mechanical properties are strongly influenced by the microstructure, so microstructural
evaluation is important. This section describes the machines and equipment employed to prepare
the sample for metallographic examination. In order to prepare samples for metallographic
examination, some basic steps such as mounting, planar grinding, rough polishing, final
polishing, etching and microscopic analysis are needed to be followed. These steps along with

equipment employed are described as follows:

A) Precision Cutter

The precision cutter (Make: Micracut 125, Metkon Instrumens Inc., Bursa, Turkey) was used to
cut small specimens for microstructural evaluation of annealed steel from its tensile specimens.
The specimens were mounted on an aluminium vice. The specimens were placed in a position
relative to the cutting wheel using a micrometer screw. The material was cut by lowering the
specimen over the cutter using a dead weight mechanism. Figure 3.2 shows the precision cutter

utilized in the present work.
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Figure 3.2: Precision cutter (Courtesy: NML, Jamshedpur)

B) Mounting

The use of mounting of samples is to facilitate their easy handling. Mounting is done either with
copper or with bakelite. Copper was used for mounting when specimen was to be used for SEM
analysis. Specimens were hot mounted at a temperature of 160 °C by following the procedure of
powder metallurgy. The edges of the mounted samples were rounded to minimize the damage to
grinding/polishing discs. The mounting press (Make: BAINMOUNT METCO, Chennai Metco

Pvt. Ltd., Chennai, India) was used in the proposed work and is shown in Fig. 3.3.

BAINMOUNT"
METOoO
AFTSNEN FOUATWNG Mets:

W T I . s

Figure 3.3: Mounting press (Courtesy: NML, Jamshedpur)
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C) Grinding

The surfaces to be examined by microscope were polished with abrasive papers of successive
finer grades such as 80, 120, 220, 320, 400, 600, 800, 1000, 1200, 1500 and 2000 mesh abrasive
paper. The sample was rubbed on SiC paper to avoid the scratch, then switched on the next paper
with finer grade and the direction of rubbing was switched perpendicular to previous scratches.
Similarly the process was repeated from the coarse grade paper (80 grit size) up to fine grade
paper (2000 grit size). The over-heating of samples was avoided so that no modification in the
microstructure occurred. The pressure needed to be adjusted, as high pressure could lead to
introduction of deep scratches and low pressure could result in long time consumption. Some of

the SiC papers used in the present work are shown in Fig. 3.4.

Figure 3.4: Abrasive papers (Courtesy: NML, Jamshedpur)

D) Polishing

The next step was polishing on a horizontal rotating wheel. Polishing wheels were covered with
a soft cloth (velvet, canvas, suede or selvet etc.) which need to be soaked with a polishing
medium (alumina or colloidal) along with some water. The polishing cloth was washed
thoroughly with water before start of polishing to remove any chances of introduction of
contaminants which may cause deep scratches on surfaces. The specimen was held on the
rotating disc in order to obtain a scratch free surface with mirror like finish. Polishing machine
(Make: BAINPOL METCO, Model No: PMV018, Chennai Metco Pvt. Ltd., Chennai, India) was
used in the proposed work. Polishing machines have been shown in Fig. 3.5.
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Figure 3.5: Polishing machine (Courtesy: NML, Jamshedpur)

E) Etching

Etching is done in order to reveal the microstructure of the metal/alloy system through selective
chemical attack. The sample must be thoroughly cleaned before etching. Etchant must be
selected and prepared accurately. Etchant may be applied using a cotton bud wiped over the
surface for a few times (necessary precautions must be taken while etching, as very small
difference occurs between etching and over-etching). To reveal the microstructure clearly, two
type of etching techniques (i.e. Nital etching and Picral+ Na,O3Ss) were employed. Nital (3 %
HNOgs in ethanol), a non-colour etching revealed the ferrite as white and martensite as dark
grey/black. Second etching technique employed was a colour etching technique. In this colour
etching technique, specimens were pre-etched with picral etchant (i.e. 4 % picric acid in ethanol)
for 60 s; after that specimen were etched in the solution of 10 % Na,O3Ss in distilled water for 15

s. Colour etching revealed the ferrite as light brown and martensite as dark brown.

F) Leveling

The surface to be examined optically should be perfectly flat and leveled. If not, then the viewing
area would be out of focus i.e. if the center is focused the sides would go out of focus or vice
versa. By using a specimen leveling press (shown in Fig. 3.6) this problem can be avoided, as it
presses the mounted specimen into clay on a microscope slide, making it leveled. A small piece

of paper or cloth covers the surface of the specimen to avoid scratching.
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Figure 3.6: Leveling machine (Courtesy: NML, Jamshedpur)

3.7 Equipment for Microstructure Evaluation

This section describes the equipment used for microscopic analysis such as optical microscopy

(OM), scanning electron microscopy (SEM) etc. These equipment are as follows:

A) Optical Microscope

Optical microscope is used for the purpose of magnifying small samples with the help of visible
light and a system of lenses. Metallic materials are usually opaque and therefore investigations of
plane cross-sections by incident light prevail in metallography. Due to the difference in the
refractive indices there appear different color shades. Starting from the sample preparation, to
etching of the specimen, and setting up of microscope, all steps should be carefully optimized in
order to get maximum information from a microscopic study. The optical microscope (Make:
Leica DM2500 M; Lieca Microsystems, Wetzlar, Germany) used in the study is shown in Fig.
3.7.

B) Scanning Electron Microscope (SEM)

A scanning electron microscope (SEM) is a type of electron microscope that images a sample by
scanning it with a high-energy beam of electrons. The electrons interact with the atoms that make
up the sample and produce signals that contain information about the sample's surface

topography, composition, and other properties such as electrical conductivity etc.
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Figure 3.7: Optical microscope (Courtesy: NML, Jamshedpur)

SEM can produce very high-resolution images of the sample’s surface, revealing details less than
1 nm in size. Due to the very narrow electron beam, SEM micrographs have a large depth of
field yielding a characteristic three-dimensional appearance useful for understanding the surface
structure of a sample. Figure 3.8 shows the scanning electron microscope (Make: Nova Nano
SEM 430; Field Emission Inc., Hillsboro, USA) which was used in the present study.

Figure 3.8: Scanning electron microscope (Courtesy: NML, Jamshedpur)

3.8 Equipment for Evaluation of Mechanical Properties

This section describes the machine/ equipment used to evaluate the mechanical properties of the
material before and after the annealing simulation/ heat treatment performed on the specimens.

This equipment is as follows:
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A) Tensile Testing Machine

The tensile testing machine (Make: Instron 8501 System, Instron Engineering Corporation,
Norwood, USA) with a loading capacity of 100 KN was used for stress-strain analysis in the
present work. The machine provides data in form of values of stress corresponding to respective
strains. The data when plotted can be used to calculate the yield strength, ultimate tensile
strength and total elongation. Figure 3.9 shows the tensile testing machine (Make: Instron 8501
System, Instron Engineering Corporation, Norwood, USA) used in the present work. An
extensometer (gauge length of 25 mm) was used to measure the elongation. A flat dog-bone
shaped specimen with gauge length of 35 mm as per the ASTM standard E-8M was used to test

the specimens.

Figure 3.9: Tensile testing machine (Courtesy: NML, Jamshedpur)

B) Hardness Testing Machine

Vickers hardness tester is a key piece of equipment that is vital to metallographic research. In
Vickers micro-hardness test procedure, indentation is made with a range of loads using a
diamond indenter which is then measured and converted to a hardness value. For this purpose,
test samples are carefully and properly prepared by grinding and polishing. Two types of
indenters are generally used for Vickers test family; a square base pyramid shaped diamond
indenter for Vickers hardness testing and a narrow rhombus shaped indenter for Knoop hardness

testing. The Vickers hardness test method requires a pyramidal diamond with square base having
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an angle of 136° between the opposite faces. Upon completion of indentation, the two diagonals

are measured and the average value is considered.

Figure 3.10: Vickers Micro-hardness tester (Courtesy: NML, Jamshedpur)

Vickers Hardness Number (VHN) is obtained by dividing the applied load in kilogram-force by
surface area of indentation. Figure 3.10 shows the hardness tester used in the present work
(Make: Leica Q550MW VMHT Auto, Leica Microsystems, Wetzlar, Germany). In the present
study, the micro-hardness tester was operated at a low load of 10 g-force for a dwell time of 15 s

and with an indenter speed of 30 um/s.

3.9 Summary of the Chapter

This chapter brings forward the design of the present study. In this chapter, the objective
function and key issues to be considered have been discussed. An overview of the experimental
procedure to be followed has been provided. Also, machines and equipment used for sample
preparation for metallography, microstructural analysis and mechanical properties evaluation

have been discussed.
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Chapter 4

Results and Discussion

4.1. General

This chapter brings forward the results pertaining to predictions made by empirical formulae in
terms of martensite volume fraction required to obtain the desired strength in DP steel. The
details obtained from commercial software viz. Thermo-Calc, DICTRA and JMat-Pro in terms of
annealing temperatures, soaking periods and cooling rates required to obtain the desired
microstructure in steel are also discussed. The simulations carried out for different time-
temperature conditions, and results thereof, are also presented in this chapter. Further, the
microstructures and corresponding tensile behaviors obtained from different simulations are

discussed in this chapter.

4.2. Characteristics of Starting Material

The low carbon (67 % cold rolled) steel sheet comprising of ferrite and pearlite in its
microstructure was selected as the starting material for the present study. Figure 4.1a—b presents
the optical and SEM micrographs of the as-received material. ‘analySIS FIVE’ software
determined the volume fractions of ferrite and pearlite as 84 % and 16 % respectively. Average
grain size of 8 um was calculated by using the linear intercept method. Cold deformation
resulted in highly deformed ferrite and pearlite microstructure. Pearlite lamellae were destructed
and were non-uniformly distributed. This type of microstructure leads to non-uniform dissolution
of pearlite phase during the course of austenite formation. The starting cold rolled material
resulted in yield strength (YS; 0.2 % offset) of 895 MPa, ultimate tensile stress (UTS) of 948
MPa and percentage elongation of 4.3 % (see Fig. 4.1c). This high YS and UTS with low
ductility were attributed to the highly deformed microstructure. High cold deformation increased
the dislocation density, refined the grain size and hence increased the YS and UTS at the expense
of ductility [Shakhova, et al., 2012; Ahmad et al., 2013].
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Figure 4.1: Characteristics of the as-received steel sheet (a) optical micrograph, (b) SEM
micrograph, and (c) stress-strain curve. F = Ferrite and P = Pearlite

4.3. Micromechanical Modelling for Flow Curve Prediction of DP Steel
Micromechanical modeling approach (as described in section 3.3.2) was employed to estimate
the tensile properties of given steel, assuming DP structures with different martensite volume
fractions. Composition used in the present work belongs to the DP 590 steel i.e. UTS of 590 MPa
[Sung et al., 2010; Kim et al., 2011; Li et al., 2013; Meng et al., 2014]. The micromechanical
modeling approach was employed to predict the martensite fraction required in the DP
microstructure (to be developed in the present work) that could provide an ultimate tensile
strength in excess of 590 MPa (UTS = 590 MPa) [Alabbasi, 2004; Singh, 2014].

In the use of micromechanical modeling, first of all, the flow curve for each phase (present in the

microstructure) was to be obtained individually. In order to predict the flow curve of individual
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phases in the steel, the dislocation based strain hardening approach as given by Sodjit et al.
(2012) and Toudeshky et al. (2014). According to this approach, the true stress-strain diagram
for single phase (i.e. ferrite and martensite separately) was described by using Eq. 3.1. The value
of o, calculated by using Eq. 3.2 was 266 MPa. Further the values of Ag for ferrite and
martensite calculated from Eq. 3.3 and Eq. 3.4 were equal to 25 MPa and 298 MPa respectively.

Figure 4.2a—b presents the flow curves for ferrite and martensite respectively obtained after using

Eq. 3.1 (for ferrite and martensite individually).
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Figure 4.2: Predicted mechanical behaviour of each phase (a) ferrite; with different grain sizes,
and (b) martensite

Further, Eq. 3.5 and Eq. 3.6 were used to determine n¢, np, Ky, K¢ (constants used in the rule of
mixture to predict the DP flow curve behavior) for each phase (i.e. ferrite and martensite) by
fitting linear curves between In (true stress) and In (true strain) individually for ferrite (with
different grain sizes) and martensite [Alabbasi, 2004; Singh, 2014] as shown in Fig. 4.3. Figure
4.3a presents the linear curve fitting between In(or) and In(e, + &) for ferrite grain size of 5 um;
the intercept of the linear curve gave the value of K; and slope gave the value of n; (see Table
4.1). Similar procedure was followed to calculate the values of n; and K for different ferrite grain
sizes and results obtained are presented in Table 4.1 (also see Appendix-1). Linear curve fitting
between In(oy,) and In(e, + £m) as shown in Fig. 4.3b, provided the values of npand K, as 0.075
and 1503 MPa respectively.

Further, these values were used in the rule of mixture (Eq. 3.7) to get the composite true

stress behavior of the DP steel at different volume fractions of martensite. Literature also
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provides that the optimum martensite fraction in DP steels for good combination of strength and
ductility is in the range of 10-40 % [Kuziak et al., 2008; Meng et al., 2009; Wang et al., 2011].
In the present work, calculations were restricted to DP steel containing martensite volume
fraction (MVF) in this range (1040 %). Specifically, experimental work has been reported by
Kim et al. (1987) and Zhengming et al. (1989) stating that for DP steels, the optimum martensite
fraction is 20-25 %.

ﬂ
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Figure 4.3: Strain hardening exponent for (a) ferrite with 5 pm grain size, and (b) martensite

Table 4.1: Values of n;and K

Average ferrite grain size (um) | n¢ | K¢
0.18 | 837
0.19 | 825
0.20 | 813
0.21 | 794
0.22 | 770
0.23 | 755

O N o O &~ W

For the given steel, when containing DP microstructure (with average grain size of ferrite as 5
pum; and different martensite fractions), the micromechanical modeling provided predictions as
presented in Fig. 4.4. Similarly, the flow curves were obtained for DP steel with different
martensite fractions (10-40 %) at different ferrite grain sizes (i.e. 3-8 pum), as presented in

Appendix-II.

48



1000

900

800 -

700

600 -

500 MVF

— 10 %|
— 20 %
300 — 30 %
——40 %

400

True stress (MPa)

200

100

0 T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

True strain

Figure 4.4: Predicted true stress-strain curves for DP steel with different martensite fractions

The true stress and strain values were then converted to engineering stress and strain values for
different volume fractions of martensite (10-40 %) with different grain sizes of ferrite (i.e. 3—
8 um). The values of UTS (for a given MVF in the steel), thus obtained, were plotted and are
shown in Fig. 4.5. It can be observed from Fig. 4.5 that in order to obtain the ultimate tensile
strength in excess of 590 MPa in the steel composition under investigation, the minimum
martensite volume fraction required is 25 % (while maintaining the average grain size of ferrite

in the range of 3-8 um).
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Figure 4.5: Variation of UTS for the steel with DP microstructure containing different volume
fractions of martensite
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4.4. Process Parameters Predictions Using Commercial Software

In this phase of research, predictions with regards to process parameters i.e. upper and lower
critical temperatures, soaking time periods, phase fractions and cooling rates etc. were
determined using commercial software viz. Thermo-Calc 3.0, DICTRA, and JMat-Pro 6.1. The
objective of this section of research work was to select the appropriate conditions (i.e. annealing
temperature, soaking time periods, etc.) for experimentation to develop DP microstructure in

steel having a martensite volume fraction of about 25 %.

4.4.1. Predictions of Phase Fractions Using Thermo-Calc

Thermo-Calc software was used to generate the equilibrium phase diagram and the phase
fraction diagram for the as-received steel. Figure 4.6 presents the result window of Thermo-Calc
software showing the equilibrium diagram (see Fig. 4.6a) and the phase fraction diagram (see
Fig. 4.6b). The lower (Ac;) and upper (Acs) critical temperatures predicted by equilibrium phase
diagram were 680 °C and 839 °C respectively.
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Figure 4.6: Result window of Thermo-Calc showing (a) equilibrium phase diagram, and (b)
property diagram under equilibrium conditions
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The results of Fig. 4.6b related to austenite fractions at different annealing temperatures were
summarized separately and presented in Fig. 4.7. So, Fig. 4.7 presents the variation of austenite
fractions formed with respect to different annealing temperatures, under equilibrium conditions.
Increasing trend in austenite fraction with increase in annealing temperature can be observed
from Fig. 4.7. From Fig. 4.7 it was observed that for formation of austenite (and hence
martensite) with a volume fraction of 25 % in the steel, the minimum annealing temperature
required was 750 °C. However, this predicted temperature (750 °C) obtained from Thermo-Calc
software was valid if conditions were of equilibrium. Since, the conditions for practical/
industrial situations are not one of equilibrium, it was expected that the actual amount of
austenite (and hence martensite) obtained in the steel at 750 °C will be lesser than the desired 25
% MVF (as predicted by micro-mechanical modeling for achieving UTS > 590 MPa). For the
aforesaid reason, the starting annealing temperature for experiments was needed to be higher
than 750 °C.
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Figure 4.7: Thermo-Calc predictions for variation in austenite fraction with annealing
temperature

4.4.2. Predictions Using DICTRA

DICTRA software was used in the present work to predict the holding time periods required for
the condition “just completion of pearlite dissolution into austenite” at a given annealing
temperature. DICTRA simulation results for various time-temperature combinations are shown
in Fig. 4.8.
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The simulation results were summarized and are presented in Fig. 4.9. The results showed that as
the isothermal annealing temperature increases, the time taken for dissolution of pearlite into
austenite reduces. It was observed from the DICTRA simulation results that annealing
temperature of 750 °C demanded an extremely large holding period of 1000 s (not suitable for
industrial applications). For the aforesaid reason, the starting annealing temperature for
experiments was needed to be higher than 750 °C.
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Figure 4.9: DICTRA predictions regarding soaking time as a function of annealing temperature

In the light of the above discussions (both, Thermo-Calc and DICTRA results), it was decided to
use 775 °C as the starting temperature for experimentation work. This temperature appeared to
overcome both the limitations of the earlier predicted temperature of 750 °C. With 775 °C as the
annealing temperature, an austenite (and hence martensite) fraction of more than 25 % could be
obtained in the steel under experimental conditions and that too with a much lower predicted
holding of 330 s.

4.4.3. Predictions Using JMat-Pro

The starting annealing temperature for experiments was decided as 775 °C as discussed in the last
section. Further, it was decided that experiments be conducted in the whole intercritical range,
and thus four different annealing temperatures of 775, 800, 825, and 840 °C (just above the
theoretically predicted UCT). JMat-Pro 6.1 software was now used to construct CCT diagrams

for the steel at the selected annealing temperatures. For every annealing temperature, a distinct

53



CCT diagram was constructed to determine the cooling rate required for complete transformation
of austenite to martensite. Figure 4.10 presents the CCT diagrams obtained from JMat-Pro for
different annealing temperatures. Figure 4.10a demonstrates the cooling rate required for the
complete transformation of austenite to martensite during annealing at 775 °C. Results provided
by CCT diagrams with regards to cooling rates required (for austenite to martensite
transformations) for different annealing temperatures are summarized in Fig. 4.11. Further, it can
be observed form Fig. 4.11 that as the annealing temperature increases, the cooling rate required

for complete austenite to martensite transformations also increases.
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Figure 4.10: Results window JMat-Pro showing CCT diagrams for the steel at annealing
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Figure 4.11: Cooling rate as a function of annealing temperature predicted from JMat-Pro

4.5. Annealing Experiments and Microstructural Analysis

After predicting the process parameters, the next step was to perform the heat treatment
experiments in the annealing simulator. In this step, tensile samples (dog bone shaped samples of
35 mm gauge length as per ASTM standard E-8M) were heated in a controlled environment and
were cooled under controlled cooling rates. Annealing experiments were performed in the
annealing simulator by following different processing routes i.e. different soaking time periods,
annealing temperatures and different cooling rates (as decided in the above discussed sections) to

obtain different microstructures.

4.5.1. Intercritical Annealing Simulation at 775 °C

This section describes the heat treatment of specimen subjected to inter-critical annealing at a
temperature of 775 °C. Specimen was heated at a heating rate of 10 °C/s from room temperature
to 775 °C and was soaked there for 330 s (time, as predicted by DICTRA for complete pearlite
dissolution). After soaking for the desired period, the specimen was cooled with the cooling rate
of 120 °C/s (cooling rate, as predicted by JMat-Pro) to the room temperature. The complete
annealing simulation thermal profile followed for simulation at 775 °C is presented in Fig. 4.12.

Figure 4.13a-b presents the optical micrographs showing the corresponding microstructures.
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Figure 4.12: Annealing simulation thermal profile at annealing temperature of 775 °C

Microstructural Analysis

The optical microscopy of the specimen austenitized at 775 °C for 330 seconds followed by
rapid cooling at the rate of 120 °C/s resulted in ferrite and martensite dual phase microstructure
as presented in the Fig. 4.13a. For better identification of phases in the microstructure, color
etchant was also used (as described in section 3.3.4). Color metallography also revealed the dual
phase microstructure consisting ferrite (light brown) and martensite (dark brown) [Zakerinia et
al., 2009] as shown in Fig. 4.13b. In order to confirm the results of optical microscopy,
microhardness values of constituent phases were determined (see Appendix-IIl). Microhardness
values were compared with previous work on similar steels [Armaki et al., 2014] and confirmed
the presence of ferrite and martensite phases in the microstructure of processed steel. This
showed that during the heating and soaking steps for annealing temperature of 775 °C, complete
pearlite dissolution took place for transformation to austenite phase. Phase fraction analysis by
using ‘analySIS FIVE software’ determined the martensite volume fraction at about 28 %. Since
this amount (28 %) was more than the initial pearlite fraction (16 %), it meant that austenite
formation had occurred because of transformation of pro-eutectoid ferrite also in addition to the
dissolution of pearlite. The increase in austenite fraction during experiments (as compared to
Thermo-Calc predictions) was because of the holding time selected from DICTRA results.
DICTRA predictions are ideally not for cold worked steels. Since, cold rolled structures have
high dislocation densities and increased nucleation rates for phase transformations as compared

to normal steel, these deformed states in steels always result in higher phase fractions for a given
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time-temperature condition. For this reason, the holding time predicted for dissolution of only
pearlite led to conversion of some pro-eutectoid ferrite also along with pearlite for the formation

of austenite, and hence its increased amount in the microstructure.

Figure 4.13: Optical micrographs of specimens annealed at 775 °C etched with (a) nital, and (b)
picral+Na,O3Ss. F= Ferrite and M= Martensite
Further, during subsequent cooling, the ferrite phase remained unchanged, however austenite (28
%) transformed to martensite. Further, the average grain sizes of ferrite and martensite phases
(measured by using ‘analySIS FIVE’) recorded after this treatment was about 6.7 pm and 3.2 um
respectively. For the annealing temperature of 775 °C, Thermo-Calc had predicted the volume
fraction of austenite as 37 %. But, as the conditions during experimentation were not of
equilibrium, lesser austenite (~28 % in terms of martensite) was actually observed in the
annealed sample. Further, this decrease in austenite fraction meant that austenite actually formed
in steel during experiment was of higher carbon content (as compared to austenite if it was 37 %
in volume fraction as predicted by Thermo-Calc). This increased amount of carbon in the
actually formed austenite stabilized it. As a result this austenite, in order to transform to
martensite would require a relatively lower cooling rate than what was predicted by JMat-Pro.
For, the aforesaid reason cooling rates lower than what were predicted by software for a given
annealing temperature were employed for the remaining experiments. JMat-Pro had predicted the
cooling rates (for transforming austenite to martensite) for annealing temperatures of 800, 825,
and 840 °C as 165, 195, 215 °C/s respectively. However, for these annealing temperatures a

lower constant cooling rate of 150 °C/s was used for experimentation work.
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4.5.2. Intercritical Annealing Simulation at 800 °C

This section describes the heat treatment of tensile specimen subjected to inter-critical annealing
at a temperature of 800 °C. Specimen was heated with the heating rate of 10 °C/s from room
temperature to 800 °C and soaked there for 130 s (time, as predicted by DICTRA for complete
pearlite dissolution). After the soaking, specimen was cooled with a cooling rate of 150 °C/s
(lesser than 165 °C/s as predicted by JMat-Pro) to the room temperature. The complete annealing
simulation thermal profile followed for simulation at 800 °C is presented in Fig. 4.14. Figure

4.15a-b presents the optical micrographs showing the corresponding microstructures.
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Figure 4.14: Annealing simulation thermal profile at annealing temperature of 800 °C

Microstructural analysis

Specimen annealed at 800 °C resulted in a dual phase microstructure comprising of ferrite and
martensite as presented in the Fig. 4.15a. For better identification of phases in microstructure,
color etchant was also used (as described in section 3.3.4). Color metallography also revealed the
dual phase microstructure consisting of ferrite (light brown) and martensite (dark brown) as
shown in Fig. 4.15b. Phase fraction analysis using ‘analySIS FIVE’ determined martensite
volume fraction to be about 31 %. This showed that during the heating and holding steps of
annealing at 800 °C, pearlite available in initial microstructure transformed to austenite. As, the
martensite fraction (~31 %) after simulation was more than the pearlite fraction (~16 %) before
simulation, this evidenced that during heating and holding process some existing ferrite was also

transformed into austenite (as already explained in section 4.5.1). During subsequent cooling, the

58



ferrite phase remained unchanged, however austenite transformed to the martensite.
Transformation of austenite to martensite at a cooling rate even lower than predicted by JMat-
Pro was for reason already explained in section 4.5.1. Average ferrite and martensite grain sizes
obtained under this annealing condition were about 6.4 pm and 3.5 pm respectively.

Figure 4.15: Optical micrographs of specimens annealed at 800 °C etched with (a) nital, and (b)
picral+Na,;O3Ss. F= Ferrite and M= Martensite

4.5.3. Intercritical Annealing Simulation at 825 °C

This section describes the heat treatment of tensile specimen subjected to inter-critical isothermal
annealing at a temperature of 825 °C. Specimen was heated with the heating rate of 10 °C/s from
room temperature to 825 °C and soaked there for 65 seconds (time, as predicted by DICTRA for
complete pearlite dissolution). After soaking for the desired period, specimen was cooled at 150
°C/s to room temperature. The complete annealing simulation thermal profile followed for
simulation at 825 °C is presented in Fig. 4.16. Figure 4.17a-b presents the optical micrographs

showing the corresponding microstructures.

Microstructural analysis

The specimen annealed at 825 °C for 65 seconds resulted in the microstructure composed of
ferrite and martensite (see Fig. 4.17a and for colour etching Fig. 4.17b). The ‘analySIS FIVE’
software determined martensite volume fraction to be about 35 %. This showed that during the
heating and holding steps of annealing at 825 °C, pearlite available in the initial microstructure

transformed to austenite. Also, some existing ferrite transformed into fine grained austenite.
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During subsequent cooling the ferrite phase remained unchanged, however austenite transformed

to fine grained martensite.
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Figure 4.16: Annealing simulation thermal profile at annealing temperature of 825 °C

At this annealing temperature, refinement in ferrite grain size was observed, as compared to the
previous annealing temperatures. Also, the martensite obtained was in the form of
globular/oblong type martensite along with the lath type. Martensite laths obtained after
annealing at this temperature were larger than the ones obtained during previously discussed two
experiments (at 775 and 800 °C respectively) and was attributed to the increased martensite
fraction at higher annealing temperature of 825 °C. Average ferrite and martensite grain sizes

recorded after this experimental condition was about 4.8 um and 5 pum respectively.
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Figure 4.17: Optical micrographs of specimens annealed at 825 °C etched with (a) nital, and (b)
picral+Na,O3Ss. F= Ferrite and M= Martensite
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4.5.4. Annealing Simulation at 840 °C

This section describes the heat treatment of tensile specimen subjected to isothermal annealing at
a temperature just above the intercritical annealing temperature i.e. at temperature 840 °C.
Specimen was heated with the heating rate of 10 °C/ s from room temperature to 840 °C and
soaked there for 40 seconds (time, as predicted by DICTRA for complete pearlite dissolution).
After soaking for the desired period, specimen was cooled with the cooling rate of 150 °C/s to the
room temperature. The complete annealing simulation thermal profile followed for simulation at
825 °C is presented in Fig. 4.18. Figure 4.19a-b presents the optical micrographs showing the

corresponding microstructures.
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Figure 4.18: Annealing simulation thermal profile at annealing temperature of 840 °C

Microstructural analysis

The specimen annealed at 840 °C resulted in a dual phase microstructure comprising of ferrite
and martensite (see Fig. 4.19a-b). The ‘analySIS FIVE’ software determined the martensite
volume fraction of 31 %. This showed that during the heating and holding steps of annealing at
840 °C, pearlite available in initial microstructure transformed to austenite. Also, some existing
ferrite transformed into fine grained austenite. During subsequent cooling at 150 °C/s , the ferrite
phase remain unchanged, however austenite transformed to ferrite and martensite. Martensite
obtained after this heat treatment was even finer (finest with average grain size of 2.7 um) than

obtained from the previous heat treatment routes.
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Figure 4.19: Optical micrographs of specimens annealed at 840 °C etched with (a) nital, and (b)
picral+NayO3Ss. F= Ferrite and M= Martensite

This was attributed to the increased annealing temperature (i.e. slightly above Ac; temperature)
which resulted in increased austenite nucleation during heating; subsequent, fast cooling
immediately after short holding time (40 s), prevented the grain growth and thus resulted in fine
martensite grains. Average ferrite and martensite grain sizes recorded after this experimental
condition was about 5 um and 2.7 pm respectively. Table 4.2 summarizes the input conditions
and results obtained for processing of the given steel at various annealing temperatures.

Table 4.2: Details of DP microstructures obtained in the given steel under different processing

conditions
Processing conditions Details of DP microstructure obtained in the given steel
Annealing Holding Cooling Volume fraction of Average grain size of

temperature time rate constituent phases (%) constituent phases (um)

(°C) (s) (°C/s) Martensite Ferrite Martensite Ferrite

775 330 120 28 72 3.2 6.7

800 130 150 31 69 3.5 6.4

825 65 150 35 65 5 4.8

840 40 150 31 69 2.7 5

Effect of Annealing Process on Phase Fraction, Size, Shape and its Distribution
The main focus of the present study was to find the critical microstructure parameters for
achieving a good combination of strength and ductility in the given steel. It is well established by

various researchers that for DP steels, in addition to the volume fraction of constituent phases
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(i.e. ferrite and martensite phases), the size and distribution of martensite phase also plays a
major role in determining the properties of DP steel [Armaki et al., 2014; Toudeshky et al.,
2014]. Figure 4.20 shows the size and its distribution for the martensite phase present in the
given steel processed under different conditions. In Fig. 4.20, the size is presented by the area of

martensite grain size.
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Figure 4.20: Size and distribution of martensite phase in steel under different processing
conditions

It can be observed from Fig. 4.20 that for change in annealing temperature from 775 °C to 800
°C, an increase in average grain size of martensite grains was observed (increased from 3.2 to
3.5 um). Sample annealed at 775 °C contained more martensite fraction in the range of 5-10 pm?
(finer grains) and lesser martensite fraction in the range of 50+ pm? (coarser grains) than sample

annealed at 800 °C. At 825 °C, a substantial increase in martensite volume fraction (35 %) was
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observed with relatively large grains (average martensite grain size of 5.0 um; maximum fraction
of grains were of area in the range of more than 50 pum?). However, for annealing of steel
beyond this inter-critical temperature of 825 °C (i.e. annealing at 840 °C), the martensite volume
fraction decreased (became 31 % from 35 % at 825 °C), but resulted in relatively finer martensite
grains (average martensite grain size of 2.7 um; martensite grains were restricted to area in the
range of less than 40 pum?). Thus, as compared to all previous annealing temperatures, the
temperature of 840 °C resulted in most effective refining of martensite grains. From the results, it
was concluded that with increase in annealing temperature in the inter-critical range, the MVF
increases and martensite grain size increases till a particular annealing temperature value.
However, till this maximum inter-critical temperature, during the annealing process, austenite
transforms only into martensite phase. For annealing in the inter-critical range, but beyond this
maximum temperature, refinement of martensite grains occurs because of phase transformation,
other than austenite to martensite. For annealing at 840 °C, it was noted that during cooling,
austenite transformed initially to ferrite and then to martensite. This austenite to ferrite
transformation decreased the martensite fraction (more martensite would have otherwise formed
in the absence of austenite to ferrite transformation) and also reduced the martensite grain size
(ferrite grains grew in regions where otherwise martensite grains were to form).

In this section, the effect of different processing routes on the martensite volume fraction, its size
and accompanying distribution etc. was discussed. The next section further elaborates on the
effect of these resulting microstructures on the tensile deformation behavior of the processed

steel.

4.6. Tensile Deformation Behavior

Microstructure deformation pattern is most effective in predicting the mechanical behavior of
materials [Toudeshky et al., 2014]. This section describes the deformation behavior of various
microstructures obtained through different processing routes, and thus, the resulting tensile
properties obtained. To study the deformation behavior of microstructures and their effect on
tensile properties, microstructural examination of tensile tested specimens (annealed at 775, 800,
825 and 840 °C respectively) was conducted on specimens at two different locations (i) at the
fracture tip, and (ii) away from the fracture tip (see Fig. 4.21). The stress level at the fracture tip
was considered to be higher than the stress level at the location away from the tip, in the
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fractured tensile specimen. Microstructural examination at these distinct locations helped to
understand the deformation behavior of the investigated steel, at different stress levels i.e. at high
stress level near to fracture tip and at low stress level away from fracture tip. In other words, in
the fractured specimen, the location, ‘fracture tip’ represented the microstructure corresponding
to UTS of material; however, the location, ‘away from the fracture tip’ represented the
microstructure of material corresponding to stress levels developed in the material lesser than the
UTS value.

Awayv from fracture

Fracture tip

Figure 4.21: Tensile tested specimen describing the locations selected for analysis of
deformation behavior

4.6.1. Deformation Response of Specimen Annealed at 775 °C

Figure 4.22a-b presents the microstructures at ‘fracture tip’ and ‘away from fracture tip’
locations respectively for the (fractured) tensile tested specimen annealed at 775 °C. It was
observed from the two micrographs that the microstructures present in the fractured specimen at
the two distinct locations (at the fracture tip, and away from it respectively) were markedly
different. It was noted that the microstructure of specimen at the fracture tip was relatively more
deformed than was for the location away from the tip (i.e. martensite and ferrite grains present in
microstructure of specimen at location of fracture tip were more deformed than their counterparts
for location away from the fracture tip). Also, it was noted that for this annealing temperature,
for a given location, ferrite grains appeared more deformed as compared to martensite grains (i.e.
alignment of ferrite grains in the tensile deformation direction was more than the martensite

grains). It is well known that stress level at location away from the fracture tip is less than the
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stress level at the fracture tip. In other words, the location away from the fracture tip in the
fractured specimen represents conditions of low applied stress on the material. Since, the
micrograph of specimen for location away from the fracture tip showed ferrite grains to be more
deformed as compared to martensite grains, it showed that deformation of ferrite started in steels
prior to the deformation of martensite phase. Thus, the initial yielding/ yield strength of the dual-
phase steel is correlated with the start of plastic deformation of ferrite. In the present case, it
resulted in yield strength of 285 MPa (see Fig. 4.23).

Figure 4.22: Optical micrographs of fractured specimen annealed at 775 °C for locations: (a) at
the fracture tip, and (b) away from the fracture tip

Further, Fig. 4.22b evidenced the small deformation of martensite grains even at low stress levels
(i.e. location away from the fracture tip; so low stress level). This showed that the onset of plastic
flow and hardening of martensite phase commences well before the ultimate tensile strength is
reached in the dual-phase steel (i.e. strain hardens the steel) and thus, helps in achieving a low
YS to UTS ratio, as also reported by Armaki et al. (2014).

Further, it was also observed that the martensite grains at/ near the grain boundary regions were
aligned more in the direction of tensile deformation, whereas the fine martensite grains inside the
ferrite grains were not deformed to that extent (see Fig. 4.22a-b). Figure 4.23 presents the tensile

properties of specimen annealed at 775 °C.
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Figure 4.23: Tensile curve of specimen annealed at 775 °C

4.6.2. Deformation Response of Specimen Annealed at 800 °C

Figure 4.24a-b presents the microstructures at ‘fracture tip’ and ‘away from fracture tip’
locations respectively for the (fractured) tensile tested specimen annealed at 800 °C. Deformation
behavior of the specimen annealed at 800 °C was similar to that of the specimen annealed at
775 °C. This means (i) more deformation in ferrite than martensite was observed (see Fig. 4.24a—
b), (ii) relatively coarse martensite grains deformed more than the fine martensite grains, and (iii)
the martensite grains at/ near the grain boundary regions were aligned more in the direction of
tensile deformation, whereas the fine martensite grains inside the ferrite grains were less
deformed (see Fig. 4.24a-b).
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Figure 4.24: Optical micrographs of fractured specimen annealed at 800 °C for locations: (a) at
the fracture tip, and (b) away from the fracture tip
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The tensile properties obtained in the specimen at 800 °C were comparable to the properties of
specimen annealed at 775 °C because of their almost similar microstructure i.e. martensite phase
fraction, size and its distribution, and morphology of phases. A little improvement observed in
the Even the martensite contents in sample annealed at 800 °C was slightly more than the sample
annealed at 775 °C, but the tensile properties were almost similar as can be observed from Fig.
4.23 and 4.25. Similar tensile properties were attributed to the similar ferrite-martensite fraction,

size distribution and deformation characteristics after these two annealing conditions.
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Figure 4.25: Tensile curve of specimen annealed at 800 °C

4.6.3. Deformation Response of Specimen Annealed at 825 °C

Figure 4.26a-b presents the microstructures at ‘fracture tip’ and ‘away from fracture tip’
locations respectively for the (fractured) tensile tested specimen annealed at 825 °C. Again, it
was observed from the two micrographs that the microstructures present in the fractured
specimen at the two distinct locations (at the fracture tip, and away from it respectively) were
markedly different. It was noted that the microstructure of specimen at the fracture tip was highly
deformed than was for the location away from the tip (i.e. martensite and ferrite grains present in
microstructure of specimen at location of fracture tip were far more deformed than their
counterparts for location away from the fracture tip). However, it was noted that as compared to
specimens annealed at 775 °C/ 800 °C, the deformation in microstructure at location away from

fracture was significantly lesser for the specimen annealed at 825 °C (see Fig. 4.22b and Fig.
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4.26b; the microstructure at 825 °C shows very little alignment of grains along the tensile

direction as compared to microstructures obtained at 775 °C/ 800 °C).

N

Figure 4.

6: Optical micrographs of fractured specimen annealed at 825 °C for locations: (a) at
the fracture tip, and (b) away from the fracture tip

This significantly less deformation at low stress level (represented by location away from
fracture tip) resulted in a high value of yield stress (375 MPa, see Fig. 4.27) required for initial

yielding in the specimen annealed at 825 °C.
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Figure 4.27: Tensile curve of specimen annealed at 825 °C

Further, for the location at the fracture tip, for the specimen annealed at 825 °C, severe

deformation of microstructure as compared to location ‘away from the fracture tip’ was observed
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(see Fig. 4.26a-b). This difference in the extent of deformation of microstructure at the two
locations showed large stress localization at the tip. Stress localization at the fracture tip was
attributed to the presence of high contents of martensite and refinement of ferrite grains (as
compared to annealing temperatures of 775 and 800 °C). The increased martensite content
around ferrite strengthened the ferrite against deformation, and thus increased the yield strength
(see Fig.4.26b). Also, the increased martensite fraction raised the UTS of steel but at the expense
of decrease in ductility (see Fig. 4.27). Further, it was also observed that the martensite grains at/
near the grain boundary regions were aligned more in the direction of tensile deformation,
whereas the fine martensite grains inside the ferrite grains were not deformed to that extent (see
Fig. 4.26a-b).

4.6.4. Deformation Response of Specimen Annealed at 840 °C

Figure 4.28a-b presents the microstructures at ‘fracture tip’ and ‘away from fracture tip’
locations respectively for the (fractured) tensile tested specimen annealed at 840 °C. Again, it
was observed from the two micrographs that the microstructures present in the fractured
specimen at the two distinct locations (at the fracture tip, and away from it respectively) were
markedly different. It was noted that the microstructure of specimen at the fracture tip was highly
deformed than was for the location away from the tip (i.e. martensite and ferrite grains present in

microstructure of specimen at location of fracture tip were far more deformed than their

counterparts for location away from the fracture tip).

Figure 4.28: Optical micrographs of fractured specimen annealed at 840 °C for locations: (a) at
the fracture tip, and (b) away from the fracture tip
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However, it was noted that as compared to specimens annealed at 775 °C/ 800 °C, the
deformation in microstructure at location away from fracture was significantly lesser for the
specimen annealed at 840 °C, an observation similar to what was noted for 825 °C specimen also
(see Fig. 4.22b and Fig. 4.28b; the microstructure at 840 °C shows very little alignment of grains
along the tensile direction as compared to microstructures obtained at 775 °C/ 800 °C). This
significantly less deformation at low stress level (represented by location away from fracture tip)
resulted in a high value of yield stress (422 MPa) required for initial yielding in the specimen
annealed at 840 °C. This annealing temperature also resulted in the maximum UTS (677 MPa)
with ductility of 16 % (comparable to what was obtained for 825 °C). Annealing of the steel at
840 °C resulted in a dual phase microstructure with extremely fine grains of martensite (MVF =
31 %). These fine grains of martensite were distributed around and also within the fine ferrite
grains. The increased martensite content around ferrite strengthened the ferrite against
deformation, and thus increased the yield strength (see Fig. 4.29). It was observed from Fig.
4.28a that ferrite grains in which fine martensite grains were embedded did not show
considerable deformation. On the contrary, ferrite grains within which martensite grains were
absent, deformed considerably in the tensile direction, thus meaning that embedded martensite
grains assisted in improvement of strength (see markings in Fig. 4.28a; black arrows represent
the elongated grains, while red arrows represent the non-elongated grains). These fine martensite
clusters embedded in ferrite grains were more in the amount in the specimen annealed at 840 °C,
resulting in higher UTS (677 MPa) and YS (422 MPa).
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Figure 4.29: Tensile curve of specimen annealed at 840 °C
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Further, the specimen annealed at 840 °C resulted in almost similar ductility (16 %) as compared
to the specimen annealed at 825 °C (ductility 17 %). This similar ductility, even at increased
amount of UTS was attributed to the decrease of martensite content from 35 % (at 825 °C) to 31
% (at 840 °C).

From the discussion of results in this section it was noted that the initial yielding of dual-phase
steel is correlated with the start of plastic deformation of ferrite. It was also observed that the
plastic flow and hardening of martensite commenced well before the ultimate tensile strength is
reached in the dual-phase steel. Further, it was observed that the resistance to deformation
offered by fine grained martensite was more than what was offered by coarse grained martensite.
Also, it was observed that the resistance to deformation offered by fine grains of martensite
distributed around and also within the fine ferrite grains helped to improve the UTS.

The next section will describe the approach employed for obtaining (i) further refinement of

martensite grains, and also (ii) clusters of fine martensite grains in ferrite grains.

4.7. Thermal Cycling

Thermal cycling is a kind of heat treatment that helps to refine the grains present in the
microstructure. Thermal cycling process prevents the grain growth kinetics and increases the
recrystallization kinetics by imposing strain heterogeneity between the recrystallized and
deformed regions. Nucleation occurs in high strain energy regions during the first few thermal
cycles. It creates increased strain heterogeneity between the recrystallized and residual deformed
regions. On subsequent thermal cycles, nucleation takes place in the residual deformed regions,
as these are the more potential sites owing to their high stored strain energy in preference to the
recrystallized regions.

In the present work, thermal cycling was utilized to further understand the effect of martensite
fraction and morphology on the resulting tensile properties. Thermal cycling of the steel was
conducted at 840 °C to further refine the martensite grains, and also to increase their presence
within ferrite grains [Kumar et al., 2014]. For the steel annealed by conventional annealing at
840 °C, the microstructure was characterized by presence of large volume fraction of martensite
phase (31 %) along with fine martensite grains embedded within the ferrite grains. Thermal
cycling was planned in a manner so as to develop another microstructure in the steel at the same

annealing temperature with slightly lesser martensite fraction but with more amount of fine
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martensite embedded within the ferrite matrix (to study the effect of increase in the amount of
embedding of fine martensite grains within ferrite grains, at the expense of decrease in
martensite fraction, on the properties of steel). To meet the said objective, it was decided to soak
the steel during this treatment at the heat treatment temperature for a period lesser than used

during conventional annealing (to reduce the martensite fraction in the steel).

4.7.1. Thermal Cycling at 840 °C

This section describes the thermal cycling process provided to the steel at 840 °C. In this thermal
cycling route, four thermal cycles [Kumar et al., 2014] were given at 840 °C. The first three
cycles were given at 840 °C without any holding and the fourth cycle was given at the same
temperature with a holding of 30 s (slightly lesser than the holding given at this temperature
during conventional annealing; see Kumar et al., 2014). Specimen was heated at a heating rate of
10 °C/s and was cooled at a cooling rate of 150 °C/s during every cycle. Figure 4.30 presents the

complete thermal profile followed during the thermal cycling process.
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Figure 4.30: Annealing simulation thermal profile for thermal cycling at 840 °C

Microstructure obtained after the thermal cycling process comprised of ferrite and fine
martensite grains. As required, the martensite fraction was reduced (MVF ~ 17 %) and amount
of fine martensite grains within the ferrite grains increased (compared to microstructure after

conventional annealing at 840 °C; see Fig. 4.19 and Fig. 4.31). There was another characteristic
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difference with regards to martensite phase obtained through conventional annealing at all
previous temperatures and the thermal cycled specimen. Whereas all conventionally annealed
specimens contained a large fraction of lath type martensite, the thermally cycled specimen
contained most of the martensite as very fine grained and embedded within the ferrite grains (and

the lath shaped in very less quantity; this martensite showing nearly a globular type of

morphology).

Figure 4.31: Optical micrographs of specimen subjected to thermal cycling at 840 °C and etched
with (a) nital, and (b) picral+Na,O3Ss

Figure 4.32 shows the effect of thermal cycling on the size and distribution of martensite phase
present in the microstructure. A significant increase was observed in the fraction of martensite in

the fine size range.
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Figure 4.32: Size and distribution of martensite in steel subjected to thermal cycling at 840 °C
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Micrographs clearly showed the embedded fine martensite grains (average grain size ~ 1.65 pum)
within the ferrite grains (average grain size ~ 7.2 um). This composite i.e. martensite embedded
in a ferrite microstructure helped in adapting the ductility from ferrite and strength from the fine
martensite grains embedded within the ferrite grains. Thus, both the properties i.e. high UTS of
640 MPa and high ductility 30 % were obtained (see Fig. 4.33).
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Figure 4.33: Tensile curve of specimen thermal cycled at 840 °C

4.8. Tensile Property Comparison

From the analysis of microstructures, it was found that the martensite fraction, shape, size and its
distribution can be varied by a proper selection of annealing process for given steel. A
comparison of martensite fraction and tensile properties obtained in the investigated steel under
different processing conditions is presented in Fig. 4.34. A continuous decrease in ductility with
increase in UTS was observed in the conventionally annealed (CA) specimens processed at 775,
800, 825 and 840 °C respectively. Increase in strength at the expense of loss in ductility in the
CA processed specimens was attributed to increase in martensite fraction and also its role in
decreasing the ferrite grain size. However, for CA at 840 °C, despite decrease in MVF (as
compared to a lower temperature of 825 °C), the UTS still increased because processing at this
annealing temperature resulted in further refinement of martensite grains and also increased the
fraction of martensite embedded within the ferrite grains. In the thermally cycled (TC) specimen,
though the martensite fraction was very less than the CA specimens (MVF ~ 17 % in TC sample
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as compared to CA samples having MVF in the range of 28-35 %), higher UTS as well as

ductility were observed.
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Figure 4.34: Comparison of (a) martensite fraction, and (b) tensile properties obtained in the
investigated steel under different processing conditions

This was attributed to the presence of still finer martensite, and too mainly embedded within the
ferrite grains. This characteristic microstructure provided the composite effect of ferrite and
martensite and helped to retain high ductility even at high UTS.
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Chapter 5

Conclusions

5.1. General

Dual phase (DP) steel is an automotive high strength steel with combination of majorly two
phases. These steels derive their excellent combination of mechanical properties via second
phase, viz., martensite and/or bainite in a ferrite matrix. Because of the composite nature of the
microstructure, this class of steels offers very attractive mechanical properties when compared to
similar strength steels which are based on micro-alloyed chemistry. Most of the characteristics
related to tensile behavior of DP steels are strongly dependent on size and spatial distribution of
the second hard phase. The present work was an attempt to investigate the effect of morphology
and distribution of martensite islands on the tensile deformation behavior in a cold rolled dual

phase steel.

5.2. Results and Conclusions

The main results and conclusions from the present experimental work are as follows:

Starting material

e The starting cold rolled material was composed of deformed ferrite and destructed pearlite
colonies distributed non-uniformly in the ferrite matrix.

e High cold deformation resulted in high yield strength (0.2 % offset yield strength) of 895

MPa, high ultimate tensile stress of 948 MPa with very poor percentage elongation of 4.3 %.

Micromechanical modeling for flow curve prediction of DP steel

e Micromechanical modeling predictions provided that for the DP590 steel containing ferrite
grains in the size range of 3—8 um, the minimum martensite fraction for achieving the
desired strength (i.e. ~ 590 MPa) was about 25 % (MVF ~ 25 %). The actual processing of

steel through subsequent experimentation validated the predicted results.
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Phase transformation studies using commercial software

Thermo-Calc software predictions showed an increase in austenite fraction with increase in
annealing temperature during heating.

Thermo-Calc software predicted a minimum annealing temperature of 750 °C to obtain a
martensite fraction of 26 % (near to desired MVF of 25 %) under equilibrium conditions. As
the actual experimental conditions were not of equilibrium, a higher temperature was needed
for actual experimentations. Further, DICTRA software predicted a reasonably long
uneconomical holding time of 1000 s for complete pearlite dissolution for annealing at
750 °C. In order to reduce the holding time, a temperature higher than 750 °C was needed.
For these two reasons, the starting annealing temperature for the steel was selected as 775
°C.

DICTRA software results predicted a decrease in soaking time period required for complete
pearlite dissolution with increase in annealing temperature.

In order to obtain the desired MVF nearer to 25 % at a reasonably lesser holding time period
during annealing, starting annealing temperature of 775 °C with holding time of 330 s
(predicted by DICTRA) was selected.

JMat-Pro software predicted an increase in cooling rate required for complete austenite to

martensite transformation with increase in annealing temperature.

Annealing experiments and microstructural analysis

A continuous increase in martensite volume fraction (from 28 to 35 %) and average
martensite grain size (from 3.2 to 5 pm) was observed with increase in annealing
temperature in the inter-critical annealing range of 775-825 °C.

On the contrary, annealing at 840 °C resulted in minimum size of martensite (average grain
size of 2.7 um). This was attributed to the increased austenite nucleation during heating and
also to the transformation of austenite to ferrite (along with martensite) during cooling.

A continuous decrease in ferrite grain size (from 6.7 to 4.8 um) with increase in martensite

fraction (from 28 to 35 %) was observed.
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Tensile deformation behavior

Initial yielding of dual-phase steel was correlated with the start of plastic deformation of
ferrite phase in the DP microstructure.

The plastic flow and hardening of martensite phase commenced well before the ultimate
tensile strength reached in the dual-phase steel.

A continuous decrease in ductility (30.02 % to 17 %) with increase in UTS (605 MPa to 645
MPa) was observed in the conventionally annealed (CA) specimens processed at 775, 800,
825 °C respectively. This change was attributed to the increase in martensite fraction and
also its role in decreasing the ferrite grain size.

For the conventionally annealed steels at 840 °C, despite the decrease in MVF (31 % as
compared to MVF of 35 % at a lower temperature of 825 °C), the UTS increased (from 645
MPa at 825 °C to 677 MPa at 840 °C) without significant loss of ductility (17 % at 825 °C
and 16 % at 840 °C). This was attributed to further refinement of martensite grains and also
to increase in the fraction of martensite embedded within the ferrite grains which helped to

improve the UTS without significant loss of ductility.

Thermal cycling

Thermal cycling (at 840 °C) resulted in the lowest martensite volume fraction of 17 % with
absence of lath type morphology and an increased amount of nearly globular martensite in
the microstructure.

Thermal cycled specimen contained most of the martensite as very fine grained and
embedded within the ferrite grains. This microstructure resulted in the best combination

strength-ductility with UTS and percent elongation of 640 MPa and 30 % respectively.

Major Conclusions and Recommendations

Thermo-Calc, DICTRA, and JMat-Pro predictions can be used to determine the annealing
process parameters (annealing temperature, isothermal hold time periods, and cooling
rates) for producing desired microstructures in an industrially cold rolled DP590 grade
steel.
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» Micromechanical modelling approach can be used for DP steels (here, DP590 grade) to
determine the martensite volume fraction required for achieving the desired minimum
strength in the DP steel (here, MVVF ~ 25% was predicted for the desired UTS ~ 590 MPa).

» Volume fraction, size, and the shape of martensite phase present in the dual phase steel
have a pronounced effect on the tensile deformation behavior of the steel (conventional
annealing at 840 °C achieved the maximum YS and UTS of 422 MPa and 677 MPa
respectively, and ductility of 16 % because of its microstructure).

» Thermal cycling process can be used to tailor the martensite. Formation of in-grain
globular shaped martensite was observed after thermal cycling which provided the
composite effect of ferrite and martensite and helped to retain high ductility 30 % even at
high UTS of 640 MPa. Tensile properties of the microstructure with in-grain martensite
produced UTS and good ductility. Globular or fine size of martensite was observed to
induce plasticity in the material. Further, this was also found to be effective in increasing

the strength of the material.

5.4. Scope of Future Work

In the present work, the effect of processing parameters viz. annealing temperature, holding time
etc. on the martensite morphology and resulting tensile properties was discussed. However, the
effect of different heating rates was not discussed. The effect of morphology of martensite on the
properties was studied with the help of optical microscopy and SEM only. Advanced tools like
EBSD, TEM need to be used for further clarifications. Further studies can also include tailoring
of the microstructure by thermal cycling to obtain fine ferrite and fine martensite simultaneously

in order to provide further improvements in tensile properties of DP steels.
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Appendix-1

Values of n; and Ksfor different ferrite grain sizes
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Appendix-11

Predicted true stress-strain curve for various martensite fraction in
DP with different ferrite grain size
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Appendix-111

Microhardness data under various annealing conditions

Annealing

T Time | Average Microhardness value of ferrite | Average Microhardness value of martensite
emp.
o (s) (Hv) (Hv)

(°C)

775 330 239 363

800 130 234 344

825 65 229 326

840 40 216 318
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