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Abstract 

This thesis presents the research work carried out to fundamentally understand the 

recrystallization behaviour, evolution of precipitates and their interaction with 

recrystallization process in three novel cold-rolled low-carbon microalloyed steel grades (base 

grade containing V as microalloying element; Ti+ grade containing Ti as microalloying 

element in base grade; and Ti+Mn+ grade containing additional Mn in Ti+ grade) during sub-

critical annealing. 

Cold-rolled steel grades are annealed at different annealing conditions: 700 °C 0 s, 800 °C 0 

s, 800 °C 2 min, 800 °C 5 min, 800 °C 15 min, 800 °C 30 min, 800 °C 1 hr and 800 °C 2 hrs 

at the heating rate of ~ 10 °C/s inside muffle furnace. Effect of titanium and vanadium carbo-

nitride precipitates and manganese solute atoms on recrystallization behaviour, recrystallized 

texture development and recrystallization and precipitation interaction are studied using 

Electron Backscatter Diffraction (EBSD) and Scanning transmission electron microscopy 

(STEM). The average geometrically necessary dislocation (GND) density and average 

nanoindentation hardness values of the un-recrystallized ferrite matrix are evaluated for 

different conditions: cold-rolled, 700 °C 0 s, 800 °C 0 s, 800 °C 2 min to study difference in 

softening behaviour among three different steel grades. Experimental results of EBSD, STEM 

and nanoindetation and numerical calculations of precipitate pinning and solute drag effect on 

recrystallization process suggest that recrystallization kinetics is highest in base grade. For 

Ti+ grade, fine (< 15 nm) precipitates of (Ti,V)(C/N) are significant enough to interfere with 

the grain boundary motion and result in sluggish recrystallization kinetics. While for base 

grade, precipitation is much slower than the recrystallization process. Recrystallization 

behaviour of Ti+ and Ti+Mn+ grades is similar for dwell time of 2 min and longer at annealing 

temperature of 800 oC and suggests that solute drag effect of Mn solute atoms is negligible for 

those conditions. 

Hot-stage quasi in-situ EBSD is performed for three conditions: 700 °C 0 s, 800 °C 0 s, 800 °C 

2 min at heating rate of ~ 10 °C/s to study onset and evolution of recrystallization process and 

texture development on sample surface of cold-rolled low-carbon steel. For the lower 

annealing temperature of 700 °C with no dwell, almost no recrystallization is observed and 

microstructure resembles the as-received deformed material with the exception of occasional 

sub-micron sized nuclei. For the annealing conditions of 800 °C 0 s and 800 °C 2 min, onset 

and evolution of recrystallization is observed in-situ as a function of the initial as-cold rolled 

texture. Slower recovery rate of alpha fibre than gamma fibre is observed and confirmed by 

lower drop in average geometrically necessary dislocation (GND) density for un-recrystallized 

alpha fibres (1.1E+14 m−2 for 700 °C 0 s, 1.4E+14 m−2 for 800 °C 0 s and 4.5E+14 m−2 for 

800 °C 2 min) than for un-recrystallized gamma fibre grains (3.0E+14 m−2 for 700 °C 0 s, 
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6.2E+14 m−2 for 800 °C 0 s and 9.8E+14 m−2 for 800 °C 2 min) during annealing. Strong 

gamma texture in recrystallized matrix is found for dwell time of 0 s and longer at annealing 

temperature of 800 °C. 

Vickers hardness and uniaxial tensile tests are performed on cold-rolled and muffle furnace 

annealed bulk samples to correlate microstructural observations with bulk mechanical 

properties and compare with automotive steel grades. Although Ti+ and Ti+Mn+ steel grades 

are lower on strength and ductility balance compared to DP and CP steels, cold-rolled annealed 

partially recrystallized Ti+ and Ti+Mn+ steel grades of high strength (750 – 880 MPa) with 

moderate ductility (2 – 10 %) have the potentiality to be used in light-weighting automotive 

body structures where high strength and moderate ductility are required. 
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1. Introduction 

1.1. General introduction 

Development of light-weighting automotive body structures is crucial nowadays in 

automotive industry to minimise fuel consumption and emissions [1–5]. The 2017 UK 

greenhouse gas annual report revealed that transport sector accounts for ~ 34 % of the total 

CO2 emissions. Passenger cars within road transport section are the most significant source of 

CO2 emissions [6]. In order to minimise CO2 emissions from cars, countries such as Norway, 

Sweden and the UK are working on shifting petrol and diesel automotive powertrain to a 

complete zero emissions Electric Vehicle (EV) powertrain [7]. Moreover incorporation of 

lithium batteries and related gadgets in electric, hybrid, solar or hydrogen driven cars, requires 

light-weighting of automotive structures to offset weight gain from added safety and/or luxury 

or added power source and extra weight of added energy storage [4]. Therefore, at present, 

vehicle light-weighting (including petrol, diesel or electric vehicles) is one of the top priorities 

in automotive industries and various alternative materials for car bodies are being investigated 

such as aluminium [8], magnesium [9], steel [10], polymers and polymer-based or carbon-

based composites [11], and their combinations (hybrid materials) [12]. 

Among engineering materials, steel is widely used in automobiles because of its abundance, 

cost effectiveness and ease in manufacturing capability as compared to other materials [3,13]. 

Mayyas et al. [14] performed total life cycle energy and CO2 emission analysis for different 

body-in-white (BIW) materials. For the lifetime of vehicle of 200,000 miles, aluminium and 

magnesium intensive BIW structures result in lowest energy consumption and least CO2 

emission. While, for lifetime of vehicle less than 100,000 miles, steel intensive BIW structures 

are better in performance than aluminium and magnesium intensive BIW structures. Energy 

consumption and CO2 emission associated with material extraction, shaping and 

manufacturing phase is significantly lower for steel intensive as compared to aluminium and 

magnesium BIW structures. 

Hot rolled dual-phase (DP) and complex-phase (CP) steels are exhaustively used for chassis 

and suspension systems because of their high strength and elongation (%) properties [15–17]. 

In case of multiphase steels, ferrite with large second phase particles such as pearlite, bainite 

or martensite are significant in terms of providing high strength, but limits the formability and 

flexibility of these materials during shaping etc. [10,18–22]. To resolve stress accumulation 

failure issues during plastic deformation, single phase ferrite matrix with nanometre-sized 

precipitates has been developed mainly for chassis and suspension applications with excellent 

stretch flange formability [10,21]. For Body In White (BIW) applications, cold-rolled 

annealed multiphase steels (tensile strength, TS > 600 MPa) such as DP, CP, transformation-
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induced-plasticity (TRIP), bainitic/martensitic and ultra-high-strength-steel (UHSS) and cold-

rolled annealed high-strength-low-alloy (HSLA) steel grades (TS ~ 600 MPa) are extensively 

used [5,19,23–25]. Microalloying content of Nb, Ti, V or Mo in these HSLA grades is limited 

to avoid inhibition of recrystallization and maintain precipitation strengthening [24–31]. Static 

recrystallization and precipitation behaviour of cold-rolled low-carbon microalloyed steel 

during sub-critical annealing is relatively less understood. Therefore, cold-rolled 

continuously-annealed (CA) low-carbon microalloyed steel (TS > ~ 600 MPa) with single 

ferrite phase matrix containing nanometre-sized precipitates for BIW applications is a new 

concept and requires further investigation. 

Cold-rolled continuously-annealed (CA) [24] thin (thickness ~ 1 mm) steel sheet is 

advantageous for light-weighting automotive parts. Cold-rolled steel has efficient surface 

finish because of minima chances of surface oxidation with excellent yield strength of about 

1000 MPa due to work hardening [32,33]. During cold-rolling of steel, grains are elongated 

in rolling direction and develop anisotropic mechanical properties which is not suitable for 

automotive manufacturing (for example door panels) because of poor elongation (< 3 %) [30]. 

In order to obtain optimum combination of strength and ductility, cold-rolled steel sheet is 

inter-critically [34,35] or sub-critically annealed [29,36]. Annealing of cold-rolled low-carbon 

microalloyed steel is a complex phenomenon which involves recovery and recrystallization of 

cold-rolled textures with varied stored energy along with the interaction of precipitates with 

microstructural defects [35,37–44]. 

The concept of single phase ferrite steel with nanometre-sized precipitates has been explored 

previously in hot-rolled condition for chassis and suspension applications [10,21,45]. 

Funakawa et al. [21] developed hot-rolled steel of single phase ferrite matrix with 4-6 

nanometre-sized precipitates of (Ti, Mo)C which provides additional strength of about 300 

MPa from nano-precipitation hardening. Hai-long et al. [45] investigated Ti-V-Nb 

microalloyed single phase ferrite matrix hot-rolled steel. Because of the cumulative 

strengthening from precipitation (~ 250 MPa); dislocation (~ 145 MPa) and ferrite base matrix 

(~ 315 MPa), hot-rolled steel of average yield strength of about 710 MPa is achieved [45]. 

Similarly, Rijkenberg et al. [10] has developed hot-rolled steel with single phase ferrite matrix 

microalloyed with V-Nb-Mo elements, commercially known as XPF 650; XPF 800 and XPF 

1000 grades (where XPF stands for eXtra Processing Formability). A combination of random 

and fine (~ 3 nm) interphase precipitates of V; NbV and NbVMo carbon-nitrides leads to 

enhanced precipitation strengthening in XPF 650 (~ 200 MPa); XPF 800 (~ 250 MPa) and 

XPF 1000 (~ 450 MPa) steel grades [10]. In previous PhD thesis work on XPF grade [46], 

Clark investigated interphase precipitation mechanism during cooling of hot-rolled low-

carbon single phase ferrite steel microalloyed with vanadium and showed that during phase 
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transformation at 700 oC, a negligible amount of C is consumed at gamma/alpha interphase 

boundary for interphase precipitation and carbon distribution in gamma phase is not reduced 

significantly. 

The purpose of this PhD research is to fundamentally understand the recrystallization 

behaviour and evolution of the recrystallized texture by analysing geometrically necessary 

dislocation (GND) density in alpha and gamma texture fibres present in three novel cold-rolled 

low-carbon microalloyed steel grades (base grade containing V as microalloying element; Ti+ 

grade containing Ti as microalloying element in base grade; and Ti+Mn+ grade containing 

additional Mn in Ti+ grade) during sub-critical annealing, and to describe the precipitation 

evolution and their interaction with recrystallization during annealing. This thesis is related to 

the new product concept of Tata Steel Europe R&D in the area of cold-rolled continuously-

annealed low-carbon microalloyed steel for automotive BIW applications which is a 

continuation of the hot-rolled XPF grade concept. 

Additionally, in this thesis correlative and quasi in-situ material characterisation techniques 

are developed using hot stage quasi in-situ EBSD, nanoindentation and FIB-lift out STEM 

methods to fundamentally understand the above mentioned processes and answer the research 

questions. To further correlate microstructural observations with bulk mechanical properties, 

Vickers hardness and tensile properties are evaluated from a muffle furnace annealed bulk 

samples and compared with conventional automotive multiphase (such as DP and CP) steel 

grades. 

1.2. Thesis structure 

This thesis is divided into 9 chapters as summarised below: 

1. Introduction as mentioned above. This chapter discusses the motivation behind this PhD 

research work. 

2. Literature Review on understanding the recrystallized texture development and 

precipitation interaction with recrystallization kinetics during sub-critical annealing of cold-

rolled low-carbon microalloyed steel is presented. The effect of precipitation on recrystallized 

kinetics and combined effect of recrystallization and precipitation on mechanical properties 

of cold-rolled annealed steel is reviewed. 

3. Research questions, hypotheses and objectives chapter discusses the unanswered questions 

based upon literature review, and the subsequent research hypotheses and objectives are 

proposed to answer these questions. 
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4. Methodology chapter discusses the experimental techniques utilised to understand the 

evolution microstructure and mechanical properties of the cold-rolled low-carbon 

microalloyed steel grades during the annealing process.  

5. Results chapter describes the findings and observations from microstructural and 

mechanical experiments. It includes EBSD, STEM and nanoindentation analysis to understand 

recrystallization behaviour among base, Ti+ and Ti+Mn+ grades during sub-critical annealing. 

Hot-stage quasi in-situ EBSD results are presented to show both qualitatively and 

quantitatively alpha/gamma texture development on surface. Hardness and uniaxial tensile test 

properties are presented for three grades to support microstructural observations. 

6. Discussion chapter interprets the recrystallization and precipitation behaviour, texture 

development and mechanical properties of base, Ti+ and Ti+Mn+ grades of steel for sub-

critical annealing conditions. It also includes the quantification of recrystallization behaviour 

of alpha/gamma fibre and discusses the reliability of the microstructural features forming on 

the surface during hot stage quasi in-situ analysis of Ti+ grade. 

7. Further work chapter proposes what could be carried out in near future to explore certain 

areas of research based on the findings presented in this thesis. 

8. Conclusions chapter summarises the main points from the results and discussion. 

9. Supplementary chapter with additional information. 
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2. Literature Review 

2.1. Automotive steel 

For automotive body construction, there are various structural materials, such as aluminium 

[8], magnesium [9], steel [10], carbon fibre-reinforced materials [11], etc. Among them steel 

is the most widely used and in increasing volumes because of its attractive properties at low 

cost [47], such as high elastic modulus of 210 GPa, easily modified strength and ductility via 

annealing, good appearance when painted [13]. There are various types of steels that can be 

classified, based on its strength and elongation, as shown in Table 2.1-1. 

Table 2.1-1 Classification of automotive steel (adapted from Demeri [48] and Hall [49])  

Category Types 

Tensile Strength (TS) in 

MPa and Elongation, EL 

(%) 

Low-Carbon (LC) 

Interstitial-Free (IF), Low-

Carbon (LC), Mild-Steel 

(MS) 

TS < ~ 300 MPa 

~ 30 < EL < ~ 60 (%) 

Conventional or Traditional 

High-Strength-Steel (HSS) 

IF-HS, Bake-Hardenable 

(BH), Carbon-Manganese 

(C-Mn), High-Strength-

Low-Alloy (HSLA) 

~ 300 < TS < ~ 750 MPa 

~ 10 < EL < ~ 45 (%) 

Advanced-High-Strength-

Steel - 1st Generation 

(AHSS-I) 

Dual-Phase (DP), Complex-

Phase (CP), Transformation- 

Induced-Plasticity (TRIP), 

Martensitic-Steel (MS) 

TS > ~ 500 MPa 

~ 5 < EL < ~ 30 (%) 

Advanced-High-Strength-

Steel - 2nd Generation 

(AHSS-II) 

Lightweight-Induced-

Plasticity (L-IP), Austenitic-

Stainless-Steel (AUST SS), 

Twinning- Induced-

Plasticity (TWIP) 

TS > ~ 900 MPa 

~ 45 < EL < ~ 70 (%) 

Advanced-High-Strength-

Steel - 3rd Generation 

(AHSS-III) 

Low cost steel under 

research 

Under research 

TS > ~ 1000 MPa 

EL > ~ 30 (%) 
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AHSS-I microstructure is composed of ferrite matrix and other phases such as martensite or 

bainite which enhances steel strength [13]. Martensite phase within ferrite matrix raises the 

tensile strength up to 1000 MPa [50]. 

AHSS-II is the advanced generation of steel after AHSS-I, it consists of twinning-induced-

plasticity (TWIP), lightweight-induced-plasticity (L-IP), and austenite-stainless-steel (AUST 

SS). This group of steels provide high tensile strength greater than ~ 900 MPa and formability 

greater than ~ 50 % as shown in Fig. 2.1-1. Unlike HSS or AHSS-I, which consists of ferrite 

base, AHSS-II grain morphology is austenite matrix across the whole temperature processing 

range consisting of a high levels of Mn about ~ 20 wt. % and with ~ 0.6 wt. % of C. 

Disadvantages of AHSS-II are increased cost due to the addition of high wt. % Mn as 

compared to other grades of steel and also segregation of Mn [13,51]. The high level of 

manganese makes traditional thermal process problematic and leads to increased production 

costs [17,51]. Table 2.1-2 represents relative cost of different types of steels. 

 

Fig. 2.1-1 Graphical representation of different types of steels (including AHSS-III) (taken 

from Hall [49]) 

Table 2.1-2 Approximate relative cost of different grades of steel (adapted from Demeri [48]) 

Steel grade ~ Relative cost 

Cold rolled 1.00 

HSLA 1.15 

DP 1.40 

Martensitic 1.50 

AUST SS 5.70 
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In the case of LC and HSS there is a drop in elongation with increased strength. In the case of 

AHSS-I (e.g. TRIP) however, at a similar tensile strength AHSS-I has a higher elongation 

than HSLA, but still far less than AHSS-II which reaches up to ~ 50 % elongation in case of 

TWIP. AHSS-II offers higher elongation at high strength of ~ 900 MPa but still it is not 

preferable because of its high cost. These factors led researchers to look into the development 

of a new generation of AHSS called AHSS-III to fill the gap in between AHSS-I and AHSS-

II. The aim is to have steel of similar or higher strength and higher formability as compared 

to AHSS-I whilst keep cost as effective as AHSS-I [13]. Techniques such as grain refinement 

or optimization of processing (annealing) cycle allow AHSS-III to achieve strength of ~ 1000 

MPa and elongation of 30 % [17]. Fig. 2.1-2 shows the usage of different steel grades in 2015 

Ford Edge car model [52,53]. Approximately 50 % of AHSS-I generation (DP or martensitic) 

and 20 % of HSS grades are used to optimize car body weight and strength to withstand high 

impact crash [52,53].  

 

Fig. 2.1-2 Automotive steel grades used in 2015 Ford Edge car model in BIW applications 

(taken from Hall and Fekete [52] and adapted from Reed [53]) 

AHSS-I generation steel grades, especially DP, TRIP and CP steels have been investigated to 

develop steel of higher strength and elongation (%) for automotive applications. By altering 

carbon weight (%), annealing cycle parameters [54], different ratios of complex phases are 

formed which leads to enhancement in strength [17]. Multiphase steels include large second 

phase particles of pearlite, bainite or martensite which make dislocations pile up along 

interfaces during elongation and thus increase the chance of material failure and reduce 

stretch-flange formability [10,18,19,21,22]. Development of single phase ductile ferrite matrix 

and dispersed nanometre-sized precipitates for precipitation strengthening provides improved 

formability [10,21]. Addition of microalloying elements such as Ti or V or Nb or Mo consume 

most of the carbon present in solid solution to form precipitates and hence reduces the chances 

of coarse cementite particles [46]. 

2.2. Process route to produce cold-rolled annealed low-carbon steel 

There are several processes involved during production of cold-rolled annealed low-carbon 

steel and each process plays a significant role in the development of the final product as shown 
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in Fig. 2.2-1. Continuous annealing is one of the final processes for cold-rolled annealed low-

carbon steel development. There are three main manufacturing processes involved before 

continuous annealing is carried out in Tata Steel Europe: 

2.2.1. Continuous casting process – Molten steel is poured into a reservoir (called 

‘tundish’), which further flows to a water cooling mould for solidification. After that, steel 

is passed through multiple rolls and subsequent water sprays to ensure that steel becomes 

fully solidified and develops into desired shape which at the end is cut into required length 

and size using Gas torch [55]. Slabs are then directly sent to hot-strip mill for further hot-

rolling process. 

2.2.2. Hot-rolling – Slabs (thickness ~ 230 mm) are first re-heated in a furnace (Fig. 2.2-

2a) to red hot (T ~ 1250 oC) [55] [56], then passed through de-scalers to remove iron oxide 

layer using scale breakers and water jets [57]. The slabs are then passed to reverse 

roughing mill (Fig. 2.2-2b) to reduce the thickness of the slab; typically from 230 mm to 

35 mm. Thinned slabs are then passed to finish rolling (Fig. 2.2-2c) which is comprised 

of 7 rolling stands in Hot Strip Mill 2 in Tata Steel Europe for final required thickness 

typically between 1.5 mm to 25 mm [56]. Hot-rolled steel undergoes controlled cooling 

to avoid interphase precipitation [58] and simultaneously to ensure that all austenite grains 

are transformed to ferrite grains. Steel is coiled (Fig. 2.2-2d) at coiling temperature ~ 600 

oC and cooled down to room temperature maintaining supersaturated ferrite matrix 

suitable to undergo further cold-rolling. Fig. 2.2-3a and Fig. 2.2-3b represent the 

diagrammatic sketch of cooling and coiling process respectively. A pyrometer is used to 

measure the temperature of the slab located at different sections of rolling mill. The pre-

set rolling temperature is achieved through adjustment of rolling speed and the quantity 

of cooling water by comparing the pyrometer temperature to the nominal rolling 

temperature (Jos Mosk, Senior Process Engineer at the Hot-Strip Mill 2 in Tata Steel 

Europe, personal communication, April 15, 2019). Fig. 2.2-4 represents hot-rolling 

process flow of Hot-strip mill 2 at Tata Steel Europe plant. 
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Fig. 2.2-1 Process route of low-carbon steel strip production (taken from Llewellyn and Hudd 

[59]) 

 

Fig. 2.2-2 Intermediate stages in Hot-Strip Mill 2 plant of Tata Steel Europe: pre-heat furnace 

(a), rougher and edger (b), finishing mill (c) and coiler (d) (permission from Tata Steel Europe) 
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Fig. 2.2-3 Continuous-Cooling-Transformation (CCT) diagram. Notation ‘F’ stands for 

ferrite, ‘P’ stands for pearlite, ‘B’ stands for bainite and ‘Ms’ stands for martensite (a); 

Cooling-Coiling strategies to achieve different final microstructures. ‘Ms’ stands for 

martensite (b) (taken from Rodriguez-Ibabe [60]) 

 

Fig. 2.2-4 Product flow and different stages in Hot-Strip Mill 2 plant in Tata Steel IJmuiden 

(permission from Tata Steel Europe) 

2.2.3. Cold-rolling - For further reduction of thickness, hot-rolled steel is cold-rolled at 

temperature, T < ~ 0.3Tm (Tm is absolute metal melting point) [61], where steel is uncoiled 

and passed through rolling mills, which decreases its thickness further about 1 mm 

(thickness reduction ~ 50 % to 90 %). After cold rolling, strip is coiled back again. 
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2.3. Cold-rolled texture 

During cold-rolling of hot-rolled low-carbon steel, grains are oriented in certain directions 

with respect to sample co-ordinate system and form a typical cold-rolling texture; coordination 

system conventionally referred as RD for rolling direction, TD for transverse direction and 

ND for normal direction. Texture introduces anisotropic material properties such as elastic 

modulus, ductility etc. [62]. In cold-rolled steel, two main texture families are formed: 〈110〉 

parallel to rolling direction (alpha fibre), and 〈111〉 parallel to normal direction (gamma fibre) 

[63,64]. Alpha fibre contains grains of mainly three orientations ({001}<110>, {112}<110>, 

and {111}<110>) and gamma fibre contains grains of mainly two orientations ({111}<110>, 

and {111}<121>) [62,64,65]. Fig. 2.3-1 represents 2D Orientation density function (ODF) 

plot (φ2 = 45o) of low-carbon cold-rolled steel texture deformed at 50 %, 74 % and 95 % 

[63,66]. With increased cold-rolling reduction (%), texture intensity of alpha and gamma 

fibres is increased as shown in Fig. 2.3-1. Cold-rolled annealed low-carbon steel texture is 

reviewed next in subsection 2.12. 

 

Fig. 2.3-1 ODF on the section φ2 = 45o: cold-rolled low-carbon steel deformed to 50% (a), 

74% (b) and 95% (c) (adapted from Hutchinson [63] and Schläfer and Bunge [66]) 

2.4. Process route for cold-rolled and continuously-annealed steel 

Cold-rolled annealed steel is developed either via batch-annealing (BA) or continuous-

annealing (CA) route. Continuous-annealing is the preferred route compared to batch 

annealing in the modern steel industry, as it involves shorter annealing time, smooth surface 

finishing and more uniform mechanical properties [67–70]. Cold-rolled steel strips are welded 

to one another and passed through a Pre-heating furnace (PHF). Steel strip is then directed to 

Direct-fired furnace (DFF) [71–74] for heating at specified temperature (e.g. T ~ 700 oC) in 

an open flame environment at faster heating rate (~ 25 oC /s). A combustible atmosphere of 

gas mixture (N2 + air/O2) is injected in DFF at dew point ~ 59 oC (Marga Zuijderwijk, from 
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Tata Steel Europe, personal communication, April 15, 2019) for flame ignition. Once the 

specified temperature is achieved, steel strip is directed to Radiant-tube furnace (RTF) [73,75] 

for further annealing at slower heating rate ~ 10 oC /s for a shorter period of time ~ 60 s and 

isothermally held at target temperature (e.g. T ~ 800 oC) for 0 s to 2 min. About 95 % of heat 

radiated through the tube is utilised to heat the steel strip as shown in Fig. 2.4-1 [76]. RTF is 

filled with a protective gas mixture of N2 + H2 to avoid oxidation of steel at elevated 

temperature [77]. Once the target temperature and dwell time are achieved, steel strip is cooled 

down to galvanising temperature (T > 450 oC) [78] inside RTF. Strip is dipped inside hot-dip 

galvanizing tub for zinc (Zn) coating and slow air cooled to room temperature. Fig. 2.4-2 

represents schematic figure of cold-rolled annealing process flow. 

 

Fig. 2.4-1 Schematic layout of Radiant Tube Furnace (RTF) of a continuous annealing line 

for cold-rolled steel strip in Tata Steel IJmuiden. Notations #1, #2, #3 etc. are mechanical 

inputs and outputs for various functions such as gas flow, temperature, pressure measurement 

etc. (taken from Wu et al. [77]) 

  

Fig. 2.4-2 Diagrammatic representation of product flow and different stages in continuous 

annealing line in Tata Steel Europe (adapted after Marga Zuijderwijk, from Tata Steel Europe, 

personal communication, April 15, 2019)  
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2.5. Phase diagram 

The well-known iron-carbon equilibrium phase diagram (Fig. 2.5-1) provides significant 

insight into the effect of C on the physical-metallurgical state of the steel at certain 

temperatures. Depending upon temperature, rate of heating and cooling and carbon content, 

steel can undergo phase transformation from austenite to ferrite [79]. With an increase in 

heating rate (for example, 0.1 oC/s to 1 oC /s for low carbon steel [80] and 5 oC /s to 200 oC /s 

for martensite steel [81]) critical temperatures, Ac1 (start temperature of austenite phase 

formation) and Ac3 (finish temperature of austenite phase formation) increase and could 

favour stable ferrite microstructure at higher temperature (T ~ 850oC) [82]. For a virtually 

pure iron-carbon alloy, maximum solubility of carbon in ferrite matrix is ~ 0.022 wt. % at 727 

oC [79]. Addition of carbide forming elements (such as Ti, V, Mo, Nb), promoting fast 

controlled cooling after hot-rolling process and maintaining low coiling temperature (T ~ 600 

oC) promotes ductile single phase ferrite matrix with negligible coarse cementite particles [46]. 

 

Fig. 2.5-1 Equilibrium iron-carbon phase diagram (adapted from Callister and Rethwisch [79]) 

During metal processing, defects within the crystal structure are introduced which are an 

inherent property. Defects are important from an application point of view such as enhancing 

the strength of steel. Defects also affect fine recrystallized grain distribution by interfering 

with grain boundary movement during annealing. In the following section different types of 

defects and their role on steel properties are discussed.  
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2.6. Defects  

Steel is a polycrystalline material and has defects classified in terms of dimensions: point 

(vacancy, interstitial and substitutional atoms), linear (dislocations), planar (grain boundary), 

and volumetric (shear bands, dislocation bands, and transition bands) defects. Point defects 

come under the category of atomic defects, and have three different types: vacancies, 

substitutional, and interstitial atoms. A vacancy is a missing atom in a crystal lattice [83], a 

substitutional atomic defect is a foreign atom replacing parent’s atom within a lattice site and 

creates inhomogeneity. In case of the iron lattice, Mn atoms occupy some of iron lattice sites 

as substitutional atoms since its atomic size is similar to iron atoms, and in the case of 

interstitial type, C and N occupy interstitial atomic positions within the iron lattice (ferrite 

phase) as their size is smaller than iron atoms [84]. 

Line defects are dislocations created by insertion of an extra half plane, or shearing of cubic 

lattice [83]. Dislocations form during metal’s thermo-mechanical processing and then further 

multiply when the lattice is distorted during rolling, for instance. Interaction of dislocations 

and second phase particles or grain boundaries is significant during deformation. During 

deformation dislocations pile up against grain boundaries as shown schematically in Fig. 2.6-

1 or form loops around second phase particles [85] which creates strain accumulation.   

 

Fig. 2.6-1 Dislocation movement from one grain to another (taken from Callister and 

Rethwisch [79]) 

Upon plastic deformation, dislocations move, interact and multiply. Dislocations are not 

uniformly distributed throughout a material’s thickness. Density of dislocations on the surface 

is different from the inner layers. Upon plastic deformation, the density of dislocations on the 

surface layer increases and chances of interactions among each other also increases. As the 

deformation is continued, dislocations also start appearing in the inner volume (depth ~ 80 

m) when the stress reaches the elastic limit [86]. In the stage of strain hardening, formation 
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of cellular structures (size ~ 0.5 to 1.8 m) take place due to the increase in dislocation density 

[86].  

Dislocations are comprised of geometrically necessary dislocations (GND) and statistically 

stored dislocations (SSD); GNDs are dislocations with the same signs which are formed in the 

strain gradient region and satisfy the geometrical constraints with a net non-zero Burgers 

vector, whereas SSDs constitute random dislocations formed by mutual trapping process with 

a net zero Burgers vector during plastic deformation [87–91]. According to Ashby's model for 

homogenous deformation of a single crystal, SSDs have the dominant role in work hardening. 

While in the case of non-homogenous deformation of polycrystalline materials, both SSDs 

and GNDs are generated but the rate of GND generation is higher which makes the density of 

GNDs higher than the density of SSDs and thus has a significant role in work hardening 

phenomena [88,91]. Quantification of SSD density is possible using Transmission Electron 

Microscopy (TEM), but it is a time consuming process with limited statistical significance and 

reduced accuracy due to artefacts created during TEM sample preparation [87,91–93]. On the 

other hand, from the local average misorientation map obtained from EBSD data, GND 

density can easily be evaluated [92] using the relation given by Kubin and Mortensen [94] 

relating misorientation angle ‘θ’ and GND density ‘ρGND’ based on the strain gradient model 

as proposed by Gao et al. [95], 

                                                     𝜌𝐺𝑁𝐷 =  
2𝜃

𝑢𝑏
                                                                  (2.6-1) 

where b is scalar value of Burgers vector and u is the unit length.  

Grain boundaries (GB) are one of the planar defects, separating two grains of different 

crystallographic orientations. When misorientation between two adjacent grains is high (> 10o) 

[61] then the GB is termed as a high angle grain boundary (HAGB) otherwise, as a low angle 

grain boundary (LAGB).  During cold-rolling grains elongate in rolling direction; following 

further deformation (> ~ 50 %) shear bands are formed which pass across multiple grains. 

Within a grain, deformation bands are formed having different orientations  compared to each 

other, and within two deformation bands there is a sharp lattice curvature region of high local 

distortion termed as transition bands. Ferritic steel has high stacking fault energy [96] and 

favours slip as a deformation mechanism. In BCC-iron common slip planes are {110}, {211}, 

and {321} and slip direction is <111> [83].  

2.7. Strengthening mechanisms of ferritic steels  

2.7.1 Solid solution strengthening 

Strengthening is imparted by inhibiting the movement of dislocations during deformation, in 

case of solid solution strengthening by either interstitial or substitutional mechanisms. C and 
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N occupy octahedral interstitial sites in the iron lattice and form a tetrahedral irregular 

geometry which leads to the generation of strain energy due to lattice distortion. C and N 

atoms bind on dislocation lines and make external deformation harder thus increasing the 

strength [84,97]. While Mn, Ni and Cr have atomic sizes close to the atomic size of iron atoms, 

these atoms occupy substitutional sites within the lattice of iron [84]. Dislocation movement 

is prevented by the presence of substitutional atoms, which thus strengthens the material. With 

increases in wt. % of solute elements (Mn, P, S etc.), hardness of the ferrite matrix increases. 

Hardness increases due to increased wt. % of solute elements is highest for P and least for Cr 

as shown in Fig. 2.7-1. Mn is one of the most common elements in steels which has a vital 

contribution in hardness of ferrite matrix [98]. For microalloyed steels, yield strength is 

directly proportional to solute concentration (wt. (%)) as given by equation 2.7-1. 

                                                          ∆𝜎𝑧 =  ∑ 𝑘𝑧. 𝑐𝑧𝑧                                                                 (2.7-1)  

Where, 𝑘𝑧  is the strengthening coefficient of individual solute atoms, 𝑐𝑧  is solute atom 

concentration in terms of wt.%, and ∆𝜎𝑧 is increase in yield stress due to the presence of solute 

atoms [58].  

 

Fig. 2.7-1 Plot of ferrite matrix hardness versus wt. (%) of substitutional alloying elements 

(taken from Maalekian [98] and adapted from Thelning [99]) 
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2.7.2. Grain size effect on strengthening 

Controlling grain size is key to optimising strength and toughness of structural steels [100]. 

According to the Hall-Petch relationship (equation (2.7-2)) which is valid for steel and other 

non-ferrous alloys, for finer grains yield stress (𝜎𝑦) will be higher [58,84].  

                                                            𝜎𝑦 =  𝜎𝑖 + 𝑘𝑦𝑑−0.5                                                      (2.7-2)  

Where, 𝜎𝑖 is a constant termed as lattice friction stress, 𝑑 is grain diameter, 𝑘𝑦 is a constant 

termed as strength coefficient and defined as slope of 𝜎𝑦vs 𝑑−0.5 [58].  

Development of fine grains in cold-rolled ferritic steel via recrystallization depends upon 

factors such as annealing cycle parameters, and fine particle distribution. Fine particles are 

effective in pinning grain boundaries and resist their further motion during grain growth. 

While coarse particles larger than the critical particle size are ineffective in pinning and result 

in coarsening of grains. Critical particle size is dependent upon atomic number of the ferrite 

matrix and growing grains, and the volume fraction of particles [100,101]. For the 

development of fine grains, Ti [41], and V are added to form carbides, nitrides or carbo-

nitrides and act as pinning particles for grain boundary movement during recrystallization 

[100].  At higher temperatures there is a higher chance for particle coalescence which results 

in particle size reaching critical size r*, and thus facilitates grain growth and grain size 

strengthening falls down [101]. 

2.7.3. Dispersion or Precipitation strengthening 

Carbides of Ti are not only used for grain refinement but also to provide precipitation 

strengthening. During deformation, dislocations move and interact with second phase particles 

i.e. precipitates. On coming into contact with particles, dislocations either form loops around 

them and escape or cut through them. For microalloyed steel, yield stress, volume fraction, 

and particle size are related by the Ashby-Orowan equation given as [58]   

                                      ∆𝜎𝑝𝑝(𝑀𝑃𝑎) = (
10.8𝑓0.5

𝑋
)(𝑙𝑛(

𝑋

6.125∗10−4))                                 (2.7-3)  

Where, ∆𝜎𝑝𝑝 is yield stress contribution attributed to precipitates, 𝑋 is particle size in µm, and 

𝑓 is volume fraction of particles within the microstructure. For the case of fine dispersed 

particles, distances between the particles are very small which makes it difficult for 

dislocations to bypass through them during deformation. Mathematically it has been shown in 

the Ashby-Orowan equation that on decreasing 𝑋 i.e. for fine particles, higher yield stress is 

required for plastic yielding as 1/ 𝑋 is dominant over the logarithmic term.  
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2.7.4. Work hardening  

Increase in dislocation density during deformation leads to an increase in applied stress as 

shown mathematically [102] 

                                                   𝜎𝑑 =  𝛼𝑀µ𝑏𝜌0.5                                                          (2.7-4)  

Where, 𝜎𝑑 is yield stress contribution attributed to dislocations, 𝛼 is a constant, 𝑀 is average 

Taylor factor, µ is shear modulus, 𝑏 is magnitude of the Burger’s vector and 𝜌 is dislocation 

density. On further deformation, rate of formation and annihilation of dislocations is balanced 

and work hardening is saturated. Strengthening via deformation is achieved at the cost of 

toughness and ductility [84]. 

On combining the effect of solid solution strengthening, grain size strengthening, dispersed or 

precipitation strengthening, work hardening and lattice friction stress, one gets a generalised 

expression for microalloyed steels, given by [58]  

  𝜎𝑦(𝑀𝑃𝑎) = 𝜎𝑖 + ∑ 𝑘𝑖. 𝑐𝑖 + 𝑘𝑦. 𝑑−0.5 + (
10.8𝑓0.5

𝑋
)(ln(

𝑋

6.125∗10−4)) + 𝛼𝑀µ𝑏𝜌0.5        (2.7-5) 

Precipitation strengthening is one of the crucial components in providing strength for steels 

developed for automotive body applications. Size of precipitates is very important in 

controlling precipitation strengthening. For example, very fine nanometre-sized precipitates 

(X < 3 nm) of volume fraction value ~ 4.35x10-3 provide precipitation strengthening almost 

greater than 300 MPa in hot-rolled steel for chassis applications [21]. Lower concentration of 

nitrogen (N < 0.005 wt. %) reduces the chance of coarse TiN precipitate formation and 

promotes fine (< 10 nm) nanometre-sized carbide precipitates of Ti and Mo [21]. While, 

higher concentration of nitrogen (N ~ 0.022 wt.%) favours coarse Ti-V nitride precipitate 

formation in austenite and ferrite phase and reduces precipitation strengthening [103]. On 

increasing titanium (%), strength of steel is increased and finer precipitates of TiC (30 - 100 

nm) are effective in precipitation strengthening as compared to coarser particles (~ 1 µm) of 

TiN and Ti4C2S2 [104]. While, with increased Mn concentration (wt. > ~ 1%) austenite grain 

size is refined and also austenite to ferrite transformation temperature is lowered which 

favours the formation of fine precipitates of TiC. 

Therefore, dislocation strengthening due to high dislocation density, grain refinement 

strengthening due to fine ferrite grains, solid solution strengthening due to high concentration 

of Mn, and finally precipitation strengthening due to fine precipitates of TiC are the main 

contributors to the strength of high strength steels [105]. Since the distance between fine 

particles is small, during deformation dislocations are blocked in-between them. With further 

deformation, dislocation density is increased and leads to increases in strength of steel [106]. 

Particle spacing not only affects the strength of steel but also hardness. Contribution of 
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precipitates to hardness is significant in low-carbon and microalloyed steels as studied by 

Moon et al. Microalloy steels containing Ti and Nb have smaller interparticle spacing (~ 12 

µm) as compared to steel containing only Ti (~ 14 µm), which leads to increased hardness on 

indentation [107]. 

2.8. Annealing 

During cold-rolling steel gains strength and hardness at the expense of ductility. For use within 

automotive bodies both optimum strength and ductility are required. Therefore, steel is 

subjected to a heating process where grains undergo microstructural changes to optimize the 

steel properties in terms of its ductility and strength [108]. An annealing heating cycle is 

designed [79,83,108] which includes heating at a specific heating rate, then holding the sample 

at fixed elevated temperature for a fixed duration of time (dwell time) and then cooled down 

to room temperature. Steel could be either inter-critically [34,35] or sub-critically annealed 

[29,36], depending upon the final required annealed microstructure. During annealing 

recovery (RV), recrystallization (RX) and grain coarsening or grain growth (GG) take place 

[108,109]. Moreover, in the case of low-carbon microalloyed steel, microalloying elements 

such as Ti and V form carbides or carbo-nitrides in austenite and ferrite matrices and affect 

recovery and recrystallization kinetics during annealing [58]. 

2.8.1. Recovery  

Recovery involves dislocation rearrangement, annihilation and point defect annihilation to 

lower the stored energy within grains which the material has gained during cold-rolling 

[96,110]. It occurs prior to recrystallization and does not involve high angle grain boundary 

movement, only the internal grain structure is altered leaving original grain boundaries un-

altered. Recovery occurs at lower temperature as compared to recrystallization, and it starts as 

soon as thermal energy is sufficient for dislocations and point defects to mobilise and form 

subgrain structures within deformed grains as shown in Fig. 2.8-1 [96]. During recovery, 

texture of annealed samples is almost unchanged to that of the as-received condition, since 

recovery only involves alteration of the internal grain substructure, original grain boundaries 

are un-changed as shown in Fig. 2.8-2 [108,111]. 

 

Fig. 2.8- 1 Progress of grain recovery (taken from Humphreys and Hatherly [96]) 
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Fig. 2.8-2 XRD result of annealing texture at 1000 K of 90% cold rolled low carbon steel, 5s 

(a), 6s (b), and 7s (c) (taken from Raabe [108] and adapted from Raabe and Lücke [111]) 

Since recovery involves dislocation movement, the effect of fine second phase particles or 

solute atoms is vital in determining the rate of recovery, as they pin dislocations and resist 

their further movement, which hampers the formation of subgrains. Annealing parameters 

such as heating rate and heating temperature affects the rate of the recovery mechanism. Since 

recovery also involves consumption of stored energy, there will be a lower driving force for 

recrystallization in case recovery is developed [109] [112]. For very slow heating rates, the 

recovery process is extended and could even suppresses recrystallization processes [108]. 

2.8.2. Recrystallization   

Recrystallization in a cold-rolled steel is a thermally activated process, characterized by 

formation and motion of high angle grain boundaries transforming deformed grains to strain 

free grains. Recrystallization has two stages, nucleation and grain growth [109]. Nucleation 

involves formation and migration of subgrain boundaries within a deformed matrix [113] and 

it is completed when grain boundary misorientation angles reaches 10o - 15o. The grain growth 

stage of recrystallization is characterised by subsequent increases of grain boundary angles 

[96].  

Nucleation can happen by migration of already existing high angle grain boundaries from a 

region of low to high dislocation density within a deformed matrix. It is also termed as strain 

induced boundary migration (SIBM) by Beck and Sperry in 1950 [114]. During SIBM, the 

orientation of strain free grains is as that of previous grains [96,113]. Another way for 

nucleation to happen is by migration of low angle grain boundaries studied by Beck [115], 

Cahn [116], and Cottrell [117]. Once subgrain formation is completed, subgrains start to grow 

by consuming their surrounding deformed matrix. During subgrain growth, misorientation of 

subgrains increases due to absorption of dislocations on its boundaries. Recovery involves 

subgrain growth by migration of low angle grain boundaries, therefore the recovery process 
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also plays a significant role in the nucleation process for recrystallization [96,112]. Belyakov 

et al. [118] investigated two different cold-rolled ferritic steels deformed at a lower strain of 

2 and higher strain of 4.4. During annealing (T ~ 600 oC) of lower strained cold-rolled steel, 

recovery precedes recrystallization forming strain free subgrains which led to the development 

of recrystallized nuclei. While in the case of higher strained cold-rolled steel, deformed 

microstructures are dominated by high angle subgrain/grain boundaries. Therefore, during 

annealing a rapid recovery process takes place and promotes faster softening kinetics in the 

recovery stage as compared to lower strained condition [96,118]. Alternatively, nucleation 

also happens via subgrain coalescence [113]. 

Recrystallized nuclei originate in deformed matrices. Some common nucleation sites such as 

high angle grain boundaries, shear-, deformation- and transition bands [119,120] (which are 

the regions of high local misorientation), and regions near large particles [121]. Thomas et al. 

[120]  performed high resolution-electron backscatter diffraction (HR-EBSD) to identify sites 

of nucleation for the recrystallization process in IF steel. Higher local misorientations within 

the deformed regions of gamma fibre (shown in Fig. 2.8-3) and microstructural regions 

containing lots of randomly oriented grains (other than alpha and gamma fibre orientation) 

form the potential sites for nucleation to proceed and further grow to recrystallized grains 

during annealing [120]. Presence of large particles in a matrix, create locally deformed regions 

which form favourable sites for nucleation via particle stimulated nucleation (PSN) [109,122]. 
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Fig. 2.8-3 Local misorientation profile in {001} alpha fibre grain orientation and {111} 

gamma fibre grain orientation of a 70 % cold-rolled low-carbon steel (taken from Raabe [108] 

and adapted from Thomas et al. [120]) 

With the advancement of hot stage EBSD it is possible to study instantaneously the 

microstructural changes during annealing [123–132]. Kerisit et al. [133] studied 

microstructural evolution in Ta-alloy to evaluate nucleation rate, grain growth rate and grain 

boundary velocity by generating EBSD scans at certain time intervals during in-situ annealing. 

By comparing the EBSD IPF maps taken from the same sample location and at the same 

magnification before and after the annealing, so called quasi in-situ EBSD [134] allows us to 

understand the role of particular microstructural components upon the kinetics of the ongoing 

microstructural changes. The role of twins [135] or shear bands [134] on the development of 

recrystallized texture during annealing has been recently studied in Mg-alloy WE43. The role 
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of strain-induced boundary migration (SIBM) on the amount of recrystallization for Al-alloy 

deformed at low (strain, e < 0.7) and high (strain, e > 1.4) strains have been previously 

analysed using in-situ EBSD [136]. Therefore, from hot stage quasi in-situ EBSD 

investigation, it is possible to locate nucleation sites and understand further development of 

fully recrystallized grains which is not feasible in case of ex-situ post-mortem EBSD analysis 

on the microstructure of muffle furnace annealed bulk samples [123].  

2.8.3. Grain growth 

Grain growth occurs once recrystallization is completed. During grain growth surface energy 

associated with grain boundaries is released and acts as the driving force for grain boundary 

movement. Overall grain boundary area is decreased with increases in average grain size and 

decrease in relative frequency (%) [96,137]. In general, grain growth with respect to time can 

be expressed as: 

                                                      𝐷𝑛 − 𝐷𝑛
𝑜 = 𝑘𝑡                                                (2.8-1) 

Where, 𝐷 is instantaneous average grain size, 𝐷𝑜  is initial average grain size, 𝑘 is growth 

constant which is dependent upon temperature, 𝑛 is growth exponent and 𝑡 is time [138,139]. 

Depending upon microstructural environment, grain growth could happen continuously 

(normal grain growth) or non-continuously (abnormal grain growth). Normal grain growth 

involves homogenous grain size distribution, while abnormal grain growth involves non-

homogenous distribution of fine and coarse grain size. Abnormal grain growth could possibly 

occur due to large misorientation sites near coarse second phase particles within matrix [108] 

or free surface energy [140].  

In this thesis, mainly the recovery and recrystallization of low-carbon steels is investigated. 

For more detailed information on grain growth processes, the reader is referred to the review 

book “Recrystallization and Related Annealing Phenomena” by Humphreys and Hatherly [96]. 

2.9. Precipitation 

The main reason to have fine precipitates in a hot- or cold-rolled annealed steel is to 

compensate for the loss of initial strength by work hardening by means of precipitation 

strengthening; and to control recrystallized grain size development for higher grain size 

strengthening [58]. Hot- and cold-rolled low-carbon steel microalloyed with carbide forming 

elements such as Ti or V [141–144] form precipitates during annealing [145]. Fine precipitates 

(~ 3 nm) with high volume fraction (~ 0.0082), provide precipitation strengthening ~ 500 MPa 

in hot-rolled automotive steel grades [10]. Therefore, controlling the size and amount of 

precipitates in the automotive steel is important. During the hot-rolling process, regulating the 

coiling temperature to control precipitate size and amount in hot-rolled microalloyed steel is 
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a comparatively easy and economical step. Higher coiling temperatures (T > 600 oC) promote 

a high volume fraction of precipitates, while lower coiling temperatures (T < 600 oC) promote 

microalloying elements to remain in solution. Therefore, during continuous annealing of cold-

rolled low-carbon microalloyed steel, samples coiled with low temperature yield higher 

amounts and more uniform fine precipitates [70,146–149]. 

Microalloying elements such as Mo, Nb, Ti and V [106,150,151] provide strengthening to 

steel by precipitation hardening and grain refinement. The cost of Ti is lower than other 

competitive precipitating elements [104]. Higher solubility of V (Fig. 2.9-1) in austenite phase 

favours fine precipitation of V(C/N) in ferrite phase and precipitation hardening during 

annealing of steel [142,149,152,153]. Precipitates could exist as a complex entity (such as 

carbides and nitrides of TixV1-x) in microalloyed steel with multiple precipitating elements (Ti, 

V, Nb etc). The carbides and nitrides of Ti and V are mutually soluble among each other as 

they have the same crystal structure (FCC) and similar lattice parameters [142,154]. Due to 

low solubility of Ti, carbides and nitrides of Ti precipitate out earlier in austenite phase (Fig. 

2.9-1) and at later stage V co-precipitate on pre-existing Ti precipitates in ferrite phase. Pre-

existing carbide and nitride of Ti forms favourable nucleation site for V precipitation 

[58,142,155–158]. 

 

Fig. 2.9-1 Solubility product of different microalloying elements in austenite and ferrite phase. 

Very low solubility of TiN and high solubility of VC in austenite phase. Solubility of 

microalloying elements in ferrite are lower than austenite phase (taken from Gladman [58]) 
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Information about amount, size, location and distribution of precipitates within a matrix is 

important, as these properties effect recovery/recrystallization kinetics and final mechanical 

properties of a material [159]. During cooling of hot-rolled microalloyed steel, interphase 

precipitates are formed along the moving alpha/gamma interphase boundary in parallel row 

arrangement [160]. Annealing of cold-rolled microalloyed steel within the ferrite phase 

temperature regime leads to general precipitation distributed along microstructural defects 

(such as dislocations, sub-grains and grain boundaries) within ferrite matrix [141]. In this PhD 

thesis, only general precipitation has been discussed and for interphase precipitation published 

articles [46,142,160] are recommended. 

Microstructural defects such as dislocations and grain boundaries form the site for 

heterogeneous nucleation of precipitates [37,41,161–163]. Precipitation along grain 

boundaries or dislocations releases the strain energy introduced during hot- or cold-rolled 

deformation. A dense dislocation network is favourable for precipitation due to high strain 

field and large number of nucleation points. While, nucleation of precipitates in a dislocation 

free matrix is inhibited. Jones et al. [162] studied the influence of grain boundaries on NbC 

precipitation in austenite steel. During deformation dislocations are introduced within GB 

(also known as extrinsic dislocations) and favours precipitate nucleation during annealing. 

Moreover, GB with different orientations and topographical defects could also influence the 

precipitation behaviour [162]. Characterisation of precipitate size and amount in the region of 

high dislocation density is complex because of the interference of high strain fields with the 

electron beam in TEM.  

There has been a discussion [164–170] about the precipitate morphology within ferrite matrix 

at different stages of annealing. Wang et al. [165] performed atomic scale investigation using 

APT and HR-TEM on the evolution of precipitate morphology during ageing of a Ti-Mo 

microalloyed ferritic steel. The early stages of precipitates are classified as embryo clusters 

(thickness of few atomic layers) coherent with ferrite matrix [165,166]. On further annealing, 

embryo cluster size increases to form clusters (multilayer of atoms) similar to Guinier – 

Preston (GP) zone in aluminium alloys [171,172]. GP clusters are also coherent with ferrite 

matrix but with higher lattice strain field. With further increase in cluster size on annealing, 

GP clusters grow and are transformed to NaCl structured precipitates with Baker-Nutting [173] 

relationship with BCC Fe-matrix, [100]BCC Fe-matrix//[100]MC and [010] BCC Fe-matrix //[011]MC. The 

idea of GP clusters has been previously discussed for Nb [174–177] and V [178,179] 

microalloyed steels. While, Morales et al. [180], studied commercial V microalloyed steel 

under TEM and concluded carbonitride precipitates (even of smallest size ~ 2 nm) formed in 

ferrite phase during interphase precipitation are incoherent. Investigation of early stage of 

nanometre-sized (< 5 nm) precipitates in ferrite matrix is challenging because of ferromagnetic 
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nature of iron-ferrite matrix and embedment of fine precipitates limits the resolution and 

accuracy in information [159,165,181]. Early stage of precipitates in the form of clusters is 

still in academic discussion and has not been widely accepted for commercially microalloyed 

steels for industrial applications [164]. 

The effect of Mn solute atoms on precipitation kinetics in austenite phase has been studied 

previously [58,144,182–186]. Mn increases the solubility of NbC [182,183], VN [58,144,184] 

and TiC [185,186], decreases the diffusivity of C [185] and favours fine precipitation in the 

later stages of austenite to ferrite phase transformation. While, Ubhi and Baker [187] 

concluded that the effect of Mn was insignificant on precipitation kinetics of VC and had a 

pronounced effect on slowing down austenite to ferrite phase transformation and delaying 

onset of VC precipitation by ~ 10 min. The effect of Mn on precipitation kinetics of Nb or Ti 

or V in ferrite phase has not been investigated in as much detail as that in austenitic phase. 

Since dislocations and grain boundaries are favourable sites for nucleation of precipitates, 

segregation of Mn along microstructural defects could also affect the kinetics of precipitation 

in austenite and ferrite phases [182,188,189]. 

TEM specimen preparation to investigate morphology and statistical distribution of 

precipitates within the matrix is an important step in characterisation. There are several 

methods to prepare thin TEM foils in the literature [190]. Among them, carbon extraction 

replica, electropolishing and FIB-lift out are common for metallic samples [190–192]. Carbon 

extraction replica is useful to study precipitate crystallography, since the carbon film is usually 

thin (< 50 nm) and diffraction patterns from precipitates do not significantly interfere with 

replica and provide high signal to noise ratio. Unfortunately, there are limitations of carbon 

extraction replica such as [191,193]:  

 Information about the matrix microstructure and the grain orientation are lost in 

carbon extraction replica sample. Only precipitates suspended in the carbon replica 

could be visible.  

 During chemical analysis, there could be interference between chemical elements of 

precipitates and carbon replica film (such as carbon). 

 Partial precipitate dissolution could introduce artificial reduction in the actual size of 

precipitates.  

 Picking up only coarser precipitates.  

 Agglomeration of fine particles and contamination from foreign chemical elements 

(such as oxides and silicon). 

Another common method is electropolishing which has been used since the mid-1960’s for 

metallic samples and involves electro-chemical reactions to thin down the sample [190]. The 
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classical electropolishing methods are useful for TEM specimen preparation but not preferred 

for the site specific study of nanometre-sized precipitates [194,195]. 

Combining FIB with SEM allows the selective lift out of material with high accuracy about ~ 

10 nm [194,196] from a grain boundary or particular grain of interest. FIB-lift out TEM foil 

is of uniform thickness without wedge shaped formation [195]. One of the drawbacks of FIB-

lift out is the introduction of artefacts from Ga ion damage and bending of sample [194,197–

199]. Most of the artefacts could be eliminated by careful foil preparation following 

procedures [149,195,200]. Clark et al. [126] performed FIB-lift out TEM analysis on the 

interphase of austenite-ferrite during phase transformation from austenite to ferrite to 

investigate VC/VN interphase precipitate distribution and reported that the precipitates were 

distributed in irregularly spaced curvilinear patterns. Wang et al. [165] performed site specific 

FIB-lift out from [100] grain orientation of ferrite matrix to study the evolution of orientation 

relationship between precipitates and the matrix. FIB lift-out TEM analysis permits site 

specific investigation of chemical distribution of the solute atoms or precipitates, and to 

monitor their interaction with the grain boundary [126,201,202]. In this PhD work, the FIB-

lift out method is extensively used to study precipitate distribution and size within ferrite 

matrix for different conditions. 

Precipitation and recrystallization are complex and competing processes. During 

recrystallization, dislocation density decreases which leads to decrement in nucleation sites 

for precipitation. While fine precipitates pin along dislocation and grain boundaries and retard 

recrystallization kinetics. Moreover, precipitate forming microalloying elements could be 

present in solution and impede grain boundary motion by solute drag [203]. During annealing 

precipitates are formed and respective solute contents are decreased. A decrease in solute 

content of precipitate forming elements in matrix could favour grain boundary motion during 

annealing [112,204]. In general for higher annealing temperatures, recrystallization finishes 

before precipitation starts. For lower annealing temperatures, precipitation is likely to occur 

before recrystallization starts. For lower annealing temperatures, precipitates could 

significantly pin along dislocations and subgrain boundaries to impede recrystallization 

kinetics and influence final annealed recrystallized texture [96,109,205]. The effect of 

precipitation pinning and solute drag on recrystallization kinetics is discussed in the following 

section on recrystallization kinetics 

2.10. Recrystallization kinetics 

Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation: 

Stored energy acts as the driving force for recrystallization during annealing. Higher stored 

energy from deformation and lower impeding forces from precipitates and solute atoms 
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favours the recrystallization process. For an isotropic constant growth rate condition with 

random nucleation sites, recrystallization kinetics could be expressed using JMAK theoretical 

equation [206–211] given by: 

                                                       𝑋(𝑡) = 1 − exp (−k𝑡𝑛)                                        (2.10-1) 

Where, 𝑋(𝑡)  is recrystallized volume fraction,  𝑛  is JMAK exponent and k  is constant 

dependent on grain nucleation rate, Ṅ and grain growth rate, Ġ. JMAK equation is based on 

following assumptions: 

1. Random nucleation sites 

2. Constant Ṅ and Ġ 

3. Spherical grains 

Value of n could vary from 4 to 1 depending upon distribution of recrystallized grain 

nucleation sites, grain growth rate etc. For grain growth in three dimensions with constant Ṅ 

and Ġ, n value is 4. While, for site saturated nucleation and variable nucleation rate, n value 

is 3. For decreasing nucleation rate, n value is in between 3 to 4. Experimentally, n value is 

generally less than 2 and even less than 1 depending upon preferential distribution of 

nucleation sites within microstructure [96,211]. 

The value of the Avrami exponent, n, could be used as a benchmark value to compare 

recrystallization behaviour for different conditions. Conventionally the JMAK equation 

assumes uniform stored energy and random nucleation sites during annealing [212]. While in 

practical scenarios, recrystallization kinetics, for cold rolled and annealing, are dependent on 

annealing temperature, heating rate, cold-rolled deformation (%), distribution and size of 

microalloying precipitates, texture and grain size affecting stored energy and any 

inhomogeneity from industrial processing [96,108,109,120,136,156,213–217] and therefore 

complicated to predict using simplified mathematical equations. 

For most practical cases, experimentally observed n values are lower than the theoretical n 

values [218]. Lower values of n < 2 [211] may reflect the effect of recovery on stored energy 

affecting recrystallization or spatial variation of net stored energy for recrystallized grain 

growth during annealing. Retardation of recrystallization due to precipitate pinning effect has 

also shown the decrement in n value [211]. Medina and Quispe [219] have observed the value 

of n in the range of 0.5 – 1 for V-microalloyed low-carbon steel during static recrystallization 

of hot-deformed austenite phase. Value of Avrami exponent, n is also shown to be varying for 

different initial grain size distribution [44,212,220]. Hutchinson et al. [44] studied the effect 

of different initial grain size distribution on the recrystallization kinetics of copper. For fine 
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grain microstructure (average grain size ~ 15 µm), n is ~ 2.7 and coarse grain microstructure 

(average grain size ~ 50 µm), n value is ~ 1.7. Avrami exponents evaluated by Ji et al. [220] 

for Fe-30 wt. % Ni austenitic steel for fine grain size distribution (mode grain size ~ 100 µm) 

is 2.3 and coarse grain size distribution (mode grain size ~ 160 µm) is in the range of 1.2 – 

1.4. 

2.10.1. Driving force for recrystallization (stored energy of deformation) 

Cold-rolling introduces thermo-mechanical energy to a deformed microstructure. Part of the 

thermo-mechanical energy is dissipated as heat and rest of the energy accumulates inside the 

material as dislocations [108,109,221–223]. Cold-rolling of steel leads to non-homogenous 

stored energy distribution within the microstructure. During annealing, stored energy acts as 

the driving force for recrystallization and favours the formation and growth of recrystallized 

nuclei [217]. Stored energy as a function of dislocation density is expressed by equation 2.10-

1: 

                                                 ∆𝐺𝑆𝐸 = 0.5 ∗ 𝜌 ∗ µ ∗ 𝑏2 ∗ 𝑉𝑚                                        (2.10-1) 

Where, 𝜌  is dislocation density, µ  is shear modulus, 𝑏  is Burgers vector and 𝑉𝑚  is molar 

volume. 

Dillamore et al. [224] assumed stored energy from deformation is concentrated along the sub-

grain boundaries and established an empirical relationship as a function of subgrain size, 𝑑 

and misorientation angle, 𝜃, which is give as: 

                                                              𝐸 =
𝐾∗𝑉𝑚∗𝛾𝑠

𝑑
                                                      (2.10-2) 

Subgrain boundary energy from Shockley-Read equation [225] is further expressed as: 

                                                  𝛾𝑠 = 𝛾𝑚 ∗
𝜃

𝜃𝑚
∗ (1 − ln (

𝜃

𝜃𝑚
))                                       (2.10-3) 

Where, 𝐸 is stored energy, 𝐾 is constant dependent upon subgrain shape, 𝑉𝑚 is molar volume, 

𝛾𝑠  is subgrain boundary energy, 𝛾𝑚  is maximum grain boundary energy and 𝜃𝑚  is 

corresponding maximal misorientation. Betanda et al. [89] evaluated and compared stored 

energy for a cold-rolled Fe-48%Ni alloy using three approaches: Neutron diffraction based on 

diffraction peak broadening which considers both geometrically necessary dislocation (GND) 

and statistically stored dislocation (SSD) density [215,226], Dillamore et al. [224] approach 

which considers GND density associated with the subgrain boundary, and LAM approach 

which considers GND density of the microstructure including subgrains and subgrain 

boundaries. The Dillamore et al. approach underestimates stored energy, as it only includes 

GND density while LAM and Neutron diffraction methods are very similar which implies 
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SSD density contribution is negligible for stored energy evaluation. In this research work, 

GND density is evaluated from LAM-EBSD maps and used to further quantify stored energy 

and dislocation strengthening contribution to the mechanical properties. 

2.10.2. Effect of grain size on recrystallization kinetics 

For deformation at low strain (< 0.5 [96]), stored energy increases with a decrease in grain 

size. While for high strain levels, the effect of initial grain size prior to deformation on stored 

energy gradually decreases [96,227–229]. For low strain conditions, grain boundaries form 

the major obstacles to slip in both fine and coarse grains. During the initial stage of 

deformation, the rate of pile up of dislocations along the GB is higher in fine grains (slip 

distance ∝ grain size [88]) and leads to higher stored energy than in coarse grains. With a 

further increase in strain, piling-up of dislocations along the GB is continued until the localised 

stress along the GB is high enough to release (or reduce) dislocations by cross slip [228] or 

for dislocation annihilation [229]. Oliferuk et al. [229] studied the amount of stored energy as 

a function of grain size and strain during tensile deformation of austenitic steel. For tensile 

strain < 0.1, fine grains (~ 8 µm) have higher stored energy as compared to coarse grains (~ 

80 µm). For tensile strain > 0.1, the difference in grain size has a negligible effect on the 

amount of stored energy. While for deformed (strain 0.2 and 0.3) Fe-30 wt. % austenitic steel, 

fine grains (mode grain size ~ 100 µm) have higher stored energy as compared to coarser 

grains (mode grain size ~ 160 µm) [220].  

The grain size also effects the number of nucleation sites for recrystallized grains. Presence of 

fine grain microstructure favours higher grain boundary nucleation sites during annealing [96]. 

While, coarse grain microstructure has lower grain boundary nucleation sites but can have a 

higher number of deformation bands [96,230,231] and shear bands [96,232,233] which act as 

nucleation sites [234–236] for recrystallized grains during annealing. 

In the general case, a fine grain microstructure will have faster recrystallization kinetics than 

a coarse grain microstructure due to the higher number of statistically needed grain boundary 

nucleation sites per unit area for recrystallized grains and higher stored energy for further 

growth of recrystallized grains [96]. Ji et al. [220] have studied the recrystallization kinetics 

of cold-deformed (strain ~ 0.3) Fe-30 wt. % Ni austenitic steel for fine grain size (mode grain 

size ~ 100 µm) and coarse grain size (mode grain size ~ 160 µm) distributions. For low strain 

cold-deformed samples, the fine grain size distribution microstructure showed faster 

recrystallization kinetics due to higher number of nucleation sites and stored energy than 

coarse grain size distribution at annealing temperatures of 850 oC to 950 oC. Fenghui et al. 

[237] demonstrated the effect of initial grain size difference on recrystallization kinetics of 

Fe-3 wt. % Si steel during hot-deformation in a Gleeble-2000 thermo-mechanical machine. 
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During hot-deformation of electrical steel at high strain ~ 0.9, strain rate ~ 30s-1 and target 

temperature of 1050 oC, recrystallization kinetics is in the order of microstructure1 (average 

grain size ~ 296 µm) > microstructure2 (average grain size ~ 520 µm) > microstructure3 

(average grain size ~ 839 µm). 

2.10.3. Impeding force against recrystallization 

2.10.3.1. Role of precipitates on recrystallization kinetics 

Once nucleation is completed, recrystallized nuclei grow at the expense of stored energy. 

Developing fine recrystallized grains is dependent upon annealing cycle parameters, solute 

atoms and shape, size, inter-distance, and volume fraction of precipitates. Large particles 

enhance recrystallization nucleation while small particles inhibit the motion of interfaces 

during annealing by pinning at GB or dislocations which in return retards recrystallization. 

The role of large and small particles during annealing is mentioned below: 

Large particles (> 0.1 µm [96,122]) – Intensity of distortion and dislocation density is highest 

near large particles and decreases with increased distance from particle/matrix interface. 

Because of variation in dislocation density and orientation, finer recrystallized grains are 

formed near particles while coarse grains are formed away from it, therefore to avoid a 

heterogeneity of grain size distribution a high density of second phase particles are required. 

Particle stimulated nucleation (PSN) leads to the development of weak recrystallized texture; 

the region near the particle has various varieties of orientation and therefore multiple nuclei 

will have their own orientation which on a broader scale averages out and leads to a weak 

texture [96,108,122]. 

Small particles – Small particles pin GBs or dislocations and restrict their motion during 

annealing which hampers nucleation growth [238]. Zener pinning force for randomly 

distributed particles is given by [100,101,217,239]:  

                                                               ∆𝐺𝑝𝑖𝑛 =
3

2
∗ 𝜎 ∗ 𝑉𝑚 ∗

𝑓

𝑟
                                     (2.10-4)  

Where, 𝑓 and 𝑟 are the volume fraction and radius of particles respectively and 𝜎 is energy of 

grain boundaries. The mechanism of pinning is exactly the same as discussed in the case of 

precipitation strengthening, the only difference is that in this case GB/dislocation motion is 

inhibited. During annealing of cold-rolled microalloyed steel, recrystallization initiation 

temperature is increased due to inhibition of dislocation motion by fine precipitates [37], fine 

precipitates are also favourable for refinement of recrystallized grain size [240]. Choi et al. 

[37] investigated the difference in recrystallization behaviour of two cold-rolled ultra-low-

carbon steel grades with different quantities of Ti (grade A containing ~ 0.026 wt. % of Ti and 

grade B containing ~ 0.082 wt. % of Ti). Since the wt. % of Ti is higher in case of grade B 



Ishwar Kapoor  PhD Thesis 

32 
 

than grade A, during annealing a higher volume fraction of fine TiC precipitates forms along 

dislocations in grade B. Fine precipitates interfere with dislocation movement and more 

effectively retard recovery and recrystallization kinetics in grade B as compared to the grade 

A. Belyakov et al. [41] observed the pinning of TiC precipitates along the grain boundaries of 

<001>//Compression-axis (CA) grains of Ti-microalloyed cold-worked steel in TEM, lower 

stored energy of <001> grains and precipitation pinning along grain boundaries resulted in 

slower recrystallization kinetics. 

2.10.3.2. Role of solute drag on recrystallization kinetics 

Solute atoms also have a retarding effect on GB movement during annealing. Solute atoms 

get adsorbed on GBs and change their energy and structure. Segregated solute atoms are 

dragged along with GBs and have a negative impact to its motion during annealing 

[108,153,247,203,239,241–246]. Migration of GB under solute drag is affected by solute 

concentration, diffusivity of solute atoms, interaction energy between solute atoms and GB 

[245]. Lücke and Detert [241] were the first researchers who theoretically found out the drag 

effect on GB movement by solute atoms. While Cahn [203], further developed solute drag 

theory and gave solute drag force for low and high GB velocity regimes, which is expressed 

as: 

                                                                  ∆𝐺𝑠𝑑 =
𝐶𝑜∗𝛼∗𝑣

1+𝛽2∗𝑣2                                            (2.10-5) 

                                                      𝛼 =
𝑁𝑣∗(𝑘∗𝑇)2∗𝛿

𝐸𝑜∗𝑋
∗ (sinh (

𝐸𝑜

𝑘∗𝑇
) − (

𝐸𝑜

𝑘∗𝑇
))                   (2.10-6) 

                                                                  𝛽2 =
𝛼∗𝑘∗𝑇∗𝛿

2∗𝑁𝑣∗𝐸𝑜
2∗𝑋

                                            (2.10-7) 

Where, 𝐶𝑜 is concentration of solute atom, 𝑁𝑣 is molar volume, 𝑘 is Boltzmann constant, 𝑇 is 

temperature, 𝛿 is grain boundary thickness, 𝐸𝑜 is grain boundary interaction energy with atom, 

𝑋 is bulk diffusion constant and 𝑣 is grain boundary velocity. Recent works [153,188,189,246] 

have shown that higher wt. % of Mn content in steel retards recovery/recrystallization rate via 

solute drag. Therefore, controlling the content of solute atoms is significant in recrystallized 

microstructure development.  

2.10.3.3. Intrinsic boundary friction (IBF) 

The solute drag equation as discussed above considers drag contribution from solute 

atoms/impurities against GB movement. In addition to that, there is also drag effect in pure 

metals with no contribution from impurity atoms. Cahn [203] gave the expression for intrinsic 

drag force as: 

                                                                   ∆𝐺𝐼𝐵𝐹 =
𝑣

𝑀𝑖
                                                  (2.10-8) 
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                                                              𝑀𝑖 =
2.63

𝑇
∗ 𝑒(

−20754

𝑇
)
                                         (2.10-9) 

Where, 𝑀𝑖  is intrinsic grain boundary mobility [182,203]. Therefore, net driving force for 

recrystallization could be summarised as: 

                                                   ∆𝐺𝑅𝑋 = ∆𝐺𝑆𝐸 − ∆𝐺𝑝𝑖𝑛 − ∆𝐺𝑠𝑑 − ∆𝐺𝐼𝐵𝐹                 (2.10-10) 

                          ∆𝐺𝑅𝑋 = 0.5 ∗ 𝜌 ∗ 𝐺 ∗ 𝑏2 ∗ 𝑉𝑚 −
3

2
∗ 𝜎 ∗ 𝑉𝑚 ∗

𝑓

𝑟
−

𝐶𝑜∗𝛼∗𝑣

1+𝛽2∗𝑣2 −
𝑣

𝑀𝑖
        (2.10-11) 

2.11. Recrystallization fraction evaluation 

Recrystallization (%) is one of the most important parameters to compare the recrystallization 

kinetics among different steel grades. Depending upon annealing parameters (temperature, 

dwell time, heating rate etc.), steel chemistry and cold-rolled deformation (%), 

recrystallization fraction could vary from 0 to 1 as annealing proceeds [108]. Prasad et al. [29] 

investigated the effect of cold-rolled deformation (%) on recrystallization fraction of a HSLA 

grade steel during sub-critical annealing. With increased cold-rolled deformation (30 %, 45 % 

and 60 %) in HSLA grade steel, recrystallization (%) is increased for annealing temperature 

of 500 oC. With an increase in temperature to 600 oC, recrystallization (%) further increases 

with equiaxed recrystallized grain development [29]. 

Evaluation of recrystallization (%) by direct (optical microscopy, SEM) and indirect 

(calorimetry, neutron diffraction, XRD, EBSD and micro- and macro-hardness) methods have 

been investigated for different materials in the past [248–256]. Evaluation of recrystallization 

(%) via EBSD is fast and reliable when compared to other methods [250,251]. Along with 

recrystallization (%), other information about microstructure such as grain size, misorientation, 

aspect ratio, texture etc. could be acquired. For recrystallization (%) evaluation, various forms 

of post-processed EBSD data could be used. Jazaeri and Humphreys [250] post-processed 

EBSD data in an inbuilt software, VMAP [250,257] and evaluated high angle grain boundary 

(HAGB) fraction. Fractional change in HAGB (%) was calculated with respect to as-received 

and fully annealed microstructural conditions to evaluate recrystallization (%). Recrystallized 

(%) value measured by HAGB (%) method was similar to hardness and point counting method 

from optical image microscopy methods [250]. 

For an un-recrystallized matrix, local misorientation between measured points is higher than 

the recrystallized matrix. Local average misorientation of a centre point is evaluated from the 

neighbouring points [252]. Depending upon the user’s choice, perimeter of the contributing 

neighbours (3x3, 5x5, 7x7, 9x9 and 11x11) could be varied to evaluate local average 

misorientation of the centre point. A tolerance value of LAM is set to distinguish recrystallized 

and un-recrystallized regions of a matrix. In general, a matrix with LAM value of less than 1o 



Ishwar Kapoor  PhD Thesis 

34 
 

is considered as recrystallized and greater than 1o is considered as un-recrystallized 

[35,96,251]. 

2.12. Texture development during annealing of cold-rolled steel 

For cold-rolled steel, stored energy is different for different grain orientations. Dillamore et al. 

[224] reported stored energy in alpha fibre is in the order of SE{100}〈011〉 < SE{112}〈011〉 < 

SE{111}〈011〉 based on the subgrain misorientation measurements. With an increase in rolling 

reduction, the intensity of both fibres is enhanced [62,87]. Wauthier-Monnin et al. [87] carried 

out dislocation density analyses for alpha and gamma fibres for different rolling strains 

(between 15% and 93%). Their study revealed a dislocation density 7.25E+15m−2 of the 

{111}〈112〉 grain orientation in the gamma fibre as compared to 4.28E+15m−2 of the 

{100}〈110〉 and 1.35E+15m−2 of the {112}〈110〉 grain orientations in the alpha fibre. Due to 

an increment in the intragranular misorientation in the grain orientation {111}〈112〉 of the 

gamma fibre at ~ 76% rolling strain, there is a significant increase in the dislocation density 

[87]. Since stored energy (SE) is linearly dependent on the dislocation density, the difference 

in the stored energy of the alpha and gamma fibres is reflected in the difference in the 

recrystallization rate of both fibres during annealing [125,156,214–216]. Since gamma fibres 

consist of grains of high stored energy, preferentially nucleation happens here first and grains 

grow by consuming grains of other orientation such as alpha fibres, because of this, strong 

gamma and weak alpha fibres are established [62,258]. Fig. 2.12-1 shows ODF maps of cold-

rolled low-carbon annealed steel with recrystallization (%) of 0 %, 24 %, 66 % and 100 %. 

With an increase in recrystallization (%), bulk texture obtained from XRD reveals strong 

gamma fibre and weak alpha fibre. Further post-processing of EBSP data shows strong gamma 

texture in the recrystallized matrix and strong alpha in the un-recrystallized matrix, which 

explains preferential recrystallization of gamma fibre grains [259]. Sometimes the intensity of 

alpha fibre is increased and gamma fibre decreased because of Strain Induced Boundary 

Migration (SIBM), where grains of lower energy start growing by consuming higher stored 

energy matrix of gamma region [260]. Alternatively, recrystallization texture may also 

develop weakly due to PSN [61]. 
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Fig. 2.12-1 ODF on the section φ2=45°: bulk texture evaluated from XRD (a) - (d), 

recrystallized texture (e) – (g) and un-recrystallized texture (h) – (j) evaluated from EBSP of 

a steel for recrystallization (%) of 0%, 24%, 66% and 100% (taken from Hutchinson [259]) 

Recrystallization texture is also dependent on the precipitate distribution in microstructural 

regions corresponding with alpha or gamma fibres: if precipitates actively pin grain 

boundaries (GBs) of gamma fibres then during annealing it gives advantage to other grain 

orientations to preferably recrystallize, which results in weak gamma texture [156]. 

Investigating the preferential pinning of precipitates along different textural components is 

important to understand recrystallized texture development. 

2.13. Mechanical properties of low-carbon steel 

Strength and ductility are two basic mechanical properties of steel which are used in selecting 

particular steel grade for automotive body applications. In general, increases in strength lead 

to poor ductility [9,261,262]. Strength could be measured in terms of stress required to 

generate a certain amount of plastic deformation or maximum stress required to cause material 

failure. Ductility represents the capability of a material to deform to a particular shape before 

fracture. One of the conventional methods to evaluate both strength and ductility 

simultaneously is the uniaxial tensile test which gives estimated values of yield strength, 

ultimate tensile strength and elongation (%) for a particular steel grade [261]. Strength and 

elongation (%) properties for uniform elongation are independent of the sample geometry of 

American, European and Japanese testing standards as investigated by Hanlon et al. [262] for 

a commercial automotive grade, 22MnB5. 
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During continuous elongation of a dog-bone shaped uniaxial tensile steel sample, yielding 

does not take place uniformly. There is a drop in yield strength after achieving upper yield 

strength (UYS) to lower yield strength (LYS). Further elongation takes place for constant LYS 

by the formation and broadening of plastically deformed bands also known as Lüders bands 

[261,263–265]. After LYS point (marked as D in Fig. 2.13-1), uniform deformation takes 

place and the material work-hardens until failure takes place. In industrial practice, 0.2 % 

offset yield strength is defined as yield strength at 0.2 % of plastic strain [58]. Fig. 2.13-1 

represents the diagrammatic sketch of engineering stress-strain curve for annealed mild steel 

taken from Sylwestrowicz and Hall [264]. UYS represents maximum stress generated by 

pileup of immobilized dislocations against point defects (such as C and N which creates 

Cottrell atmosphere around dislocation) [83,97,266,267] or precipitates [83,268]. Once the 

maximum level of yielding is reached, pileups of dislocations breaks away from surrounding 

point defects [97]. With an increase in volume fraction of fine precipitates, Lüders strain 

decreases because of increased work hardening rate [269,270]. Lüders band formation during 

local yielding throughout the gauge section of uniaxial tensile sample is common in low-

carbon ferritic or mild steel than DP or TRIP steels [51,264,265,271]. In case of TRIP steels, 

retained austenite transforms to martensite upon deformation and provides higher work-

hardening without localised deformation [271]. 

 

Fig. 2.13-1 Diagrammatic sketch of engineering stress versus engineering strain curve of mild 

steel. Notation ‘A’ represents starting of tensile test, ‘B’ represents upper yield stress, ‘C’ 

represents lower yield stress and starting of Luder band formation, ‘D’ represents lower yield 

stress and completion of Lüders band spread across sample and ‘E’ represents failure of 

sample (taken from Sylwestrowicz and Hall [264]) 
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Another way to study mechanical properties of steel is the hardness test which is a quick and 

efficient method and does not require a large sample size [272,273]. Hardness is defined as 

ratio of indentation load and either surface or projected area of indentation [83,274]. Moreover 

hardness testing is quasi-non-destructive and samples could be used for further tests such as 

EBSD; TEM study etc [251,272,273]. There are several well established hardness 

measurement methods (such as Brinell, Vickers, Berkovich, Knoop and Rockwell) [274–276] 

and most of them are extensively used to asses mechanical properties. Sometimes it is difficult 

to evaluate yield strength for a material by uniaxial tensile testing due to size or shape 

restrictions or material inhomogeneity [273]. Alternatively, yield stress can be estimated by 

Vickers hardness (HV) from widely known empirical equation [272–274]: 

                                                                   𝐻𝑉 ~ 3 ∗ 𝜎𝑦                                                  (2.13-1) 

Equation (2.13-1) is valid for non-strain hardening materials. While for strain hardening 

materials, Tabor [277] suggested yield stress to be replaced as flow stress value for strain value 

range in between 8 % to 10 %. 

Nanoindentation technique is well known to study mechanical properties in nanometre scale 

such as determining the dependence of hardness on grain orientation, matrix strength without 

GB contribution, hardness dependence on interparticle spacing etc [107,278,279]. During 

nanoindentation hardness measurement, contact area (between indenter and sample) is 

indirectly determined by measuring the depth of penetration of the indenter into the sample’s 

surface. By knowing the depth of indentation and indenter geometry, contact area at full load 

can be calculated [280,281]. Nanoindentation technique also allows correlative study of 

material properties using other characterisation techniques such as EBSD and/or TEM 

[251,279,282]. Dziaszyk et al. [251] applied nanoindentation hardness techniques to compare 

recrystallization behaviour with other EBSD analyses such as LAM. Nanoindentation was 

performed on cold-rolled, partially and fully recrystallized IF steel samples and subsequently 

EBSD maps were obtained of the matrix containing indents. Recrystallization fraction values 

evaluated using EBSD based LAM and grain average misorientation (GAM) methods were in 

correlation with local hardness of matrix measured by nanoindentation technique [251]. 

Correlative study using EBSD/TEM to understand microstructural properties and 

tensile/hardness experiments to evaluate strength and formability is significant for developing 

steel of required parameters for automotive applications. 
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3. Research questions, hypotheses and objectives 

3.1. Research questions 

Based on the above presented literature review following research questions are formulated. 

1. It is well known that precipitates of carbo-nitrides of Ti and V nucleate along dislocations 

and grain boundaries and solute atoms of Mn segregate on these sites, which inhibit 

recrystallization kinetics during annealing. Moreover, Mn is commonly known to delay 

precipitation kinetics in austenite region which further affects recrystallization kinetics during 

inter-critical annealing. The effect of Ti, V or Mn on dynamic recrystallization of ferrite, 

interaction between interphase precipitates and austenite-ferrite interface during hot-rolling 

process is well known in the literature as well. The effect of Ti and Mn on the recrystallization 

kinetics and mechanical properties obtained after continuous sub-critical annealing of cold-

rolled Ti-V and V-microalloyed single phase ferritic steel has not yet been discussed in detail. 

The main research questions related to the development of cold-rolled continuously-annealed 

microalloyed steels are: 

 How much strength and elongation (%) will Ti microalloyed grade gain or lose 

compared to a base grade during sub-critical annealing? 

 How will Ti(C/N) and V(C/N) co-exist in ferrite phase (as an individual or a complex 

precipitates); would they interfere with dislocations and grain boundaries to develop 

finer recrystallized grains during sub-critically annealing? 

 What will be the effect of Mn solute atoms on Ti- and V- precipitation kinetics in 

ferrite phase during sub-critical annealing? 

 How will the recrystallization process effect precipitation kinetics and vice versa 

during sub-critical annealing of a cold-rolled ferrite phase steel for three grades (base, 

Ti+ and Ti+Mn+)? 

2. During cold-rolling of hot-rolled steel, grains elongate and two main texture components, 

alpha fibre and gamma fibre, are formed. It is well known that gamma fibre grains have higher 

stored energy than alpha fibre grains and therefore during sub-critical annealing of cold-rolled 

steel, gamma fibre grains recrystallize faster than alpha fibre grains. There have been 

qualitative investigation on recrystallized texture development in IF and ferritic steels 

performed by SEM/EBSD mapping on annealed samples. Quantitative investigation on 

difference in recrystallization behaviour of alpha and gamma fibres has not yet been discussed 

in detail: 
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 What will be the trend of change in average dislocation density in alpha and gamma 

fibres during sub-critical annealing of cold-rolled Ti-V microalloyed single phase 

ferritic steel? 

 How to quantify recrystallization behaviour of alpha fibre grains during sub-critical 

annealing of cold-rolled Ti-V microalloyed single phase ferritic steel? 

 What are the similarities and differences in evolution of recrystallized texture 

development observed on surface and within bulk material during sub-critical 

annealing of cold-rolled Ti-V microalloyed single phase ferritic steel? 

3. Hot-rolled single ferritic phase with nanometre sized precipitate steel products have been 

investigated previously by JFE and Tata Steel, commercially known as NANOHITEN [283] 

and XPF [10] grades respectively. The steel has an excellent combination of strength and 

stretch-flange formability suitable for manufacturing of chassis and suspension parts for 

automotive applications. Taking the inspiration from hot-rolled XPF grades, three novel 

grades of cold-rolled low-carbon microalloyed steel (base grade containing V as 

microalloying element; Ti+ grade containing Ti as microalloying element in base grade; and 

Ti+Mn+ grade containing additional Mn in Ti+ grade) has been proposed for body-in-white 

(BIW) applications. In the current automotive market, cold-rolled multiphase steel grades (TS > 

~ 600 MPa) are widely used for BIW parts, potentiality of a thin gauged cold-rolled and 

annealed single phase ferrite microstructure with nanometre sized random (non-interphase) 

precipitates and TS > ~ 600 MPa has not been explored in detail. 

 How much precipitation strengthening from random precipitates will be obtained to 

compensate the loss of cold-rolled strength during sub-critical annealing of cold-

rolled Ti-V microalloyed single phase ferritic steel? 

 Will strength and elongation (%) properties of base, Ti+ and Ti+Mn+ grades after 

sub-critical annealing for suitable conditions be similar to DP and CP steel properties? 

 Will random precipitation in base, Ti+ and Ti+Mn+ grades after sub-critical annealing 

be able to provide similar precipitation strength as that of interphase precipitation 

strengthening in hot-rolled steel grades of NANOHITEN and XPF, which annealing 

conditions will be required to achieve this? 

3.2. Research hypotheses 

3.2.1. Overall working hypothesis 

The decrease of strength of as-cold rolled material will be to some extent offset by 

precipitation of fine V and Ti containing carbides within the ferrite matrix during annealing. 

These precipitates will provide both dispersion strengthening and grain boundary refinement 

via grain boundary pinning.  The development of fine polygonal recrystallized grains during 
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annealing will simultaneously provide extended elongation and increase of formability as 

compared to the as-cold rolled textured microstructure prior to annealing.  

3.2.2. Further hypotheses explored in this PhD research are as follows 

1. The presence of V in base grade and additional Ti in Ti+ and Ti+Mn+ grades will combine 

with C and N to form fine V(C/N) and (Ti,V)(C/N) precipitates respectively and inhibit 

recrystallization kinetics by pinning along sub-grains and grain boundaries. Moreover the 

addition of extra solute Mn in Ti+Mn+ grade will further retard recrystallization kinetics by 

solute drag. It is hypothesized that recrystallization kinetics in base grade will be higher than 

the other two steel grades (Ti+ and Ti+Mn+) during sub-critical annealing. 

2. Deformed gamma fibre grains have higher stored energy than deformed alpha fibre grains 

and therefore higher initial driving force for nucleation of recrystallization. It is hypothesized 

that by performing hot-stage quasi in-situ analysis of geometrically necessary dislocation 

(GND) density in alpha and gamma fibres, recrystallization behaviour and evolution of 

respective fibres can be quantified. During sub-critical annealing, recrystallization kinetics of 

gamma fibre grains will be higher than alpha fibre grains. Subsequently the drop in average 

geometrically necessary dislocation (GND) density will be significantly higher in the case of 

gamma fibre than alpha fibre. 

3. It is hypothesized that the recrystallized microstructure in base, Ti+ and Ti+Mn+ grades of 

steel are dominated by gamma fibre grains due to higher potential for recrystallization as 

compared to alpha fibre grains. 

3.3. Research objectives 

3.3.1. Main objectives of this PhD project are as follows 

1. To investigate recrystallization behaviour and recrystallization texture development in three 

cold-rolled microalloyed steel grades (base grade containing V as microalloying element; Ti+ 

grade containing Ti as microalloying element in base grade; and Ti+Mn+ grade containing 

additional Mn in Ti+ grade) during sub-critical annealing for different conditions: 700 oC for 

0 s, 800 oC for 0 s; 800 oC for 2 min; 800 oC for 5 min; 800 oC for 15 min; 800 oC for 30 min; 

800 oC for 1 hour and 800 oC for 2 hours. 

2. To study the evolution of alpha and gamma fibres during static recrystallization in cold-

rolled low-carbon Ti-V bearing microalloyed steel by performing hot stage quasi in-situ 

EBSD analysis of geometrically necessary dislocation (GND) density in respective fibres. 

3. To study precipitate distribution within ferrite matrix and interaction with grain boundaries 

by analysing STEM-EDS chemical maps on samples of hot-rolled, cold-rolled and sub-

critically annealed grades of steel prepared using FIB-lift out method. 
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4. To study mechanical properties including hardness, strength and formability using uniaxial 

tensile testing on as-received, partially and fully recrystallized samples for different heating 

parameters. 

5. To develop correlative and quasi in-situ material characterisation techniques to study and 

understand recrystallization kinetics, recrystallized texture development, precipitation and 

recrystallization interaction in steel grades for the automotive body applications. 
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4. Methodology 

4.1. Materials investigated 

Three different new grades (base grade containing V as microalloying element; Ti+ grade 

containing Ti as microalloying element in base grade; and Ti+Mn+ grade containing 

additional Mn in Ti+ grade) of hot-rolled (500 mm x 110 mm x 3 mm) and cold-rolled (500 

mm x 110 mm x 1mm) low-carbon microalloyed steel sheets were provided by Tata Steel 

Europe and investigated in this study. Chemical compositions of the three grades of steel, as 

determined by chemical analysis, are shown below in Table 4.1-1. 

Table 4.1- 1: Chemical composition in weight (%) for the three grades of steel investigated in 

this study 

Grades C Si Mn P S Al V Ti N 

Base 0.051 0.008 0.34 0.001 0.0009 0.033 0.15 - 0.0028 

Ti+ 0.051 0.007 0.34 0.001 0.0007 0.032 0.15 0.078 0.0022 

Ti+Mn+ 0.051 0.007 0.89 0.001 0.0009 0.030 0.15 0.075 0.0031 

 

The purpose of adding Ti along with V in Ti+ and Ti+Mn+ grades is to study the effect of Ti 

precipitation on recrystallization kinetics and mechanical properties and compare with base 

grade containing only V as microalloying precipitating element. For Ti+Mn+ grade, additional 

Mn is added to study the effect of Mn solute on recrystallization behaviour and mechanical 

properties and compare with base and Ti+ grades. The reasons for choosing each particular 

element for the three grades are mentioned below: 

 Si, Al and P: ferrite stabilisers [98,284] 

 Ti and V: form carbides which provide precipitation strengthening and also act as 

ferrite stabilisers [98,284] 

 Mn: for solid solution strengthening [98,99] 

 S: as low as possible to avoid any detrimental effect such as brittle failure along grain 

boundaries [285]  

 C: low carbon to maintain supersaturated ferrite matrix with fine nanometre sized 

precipitates [10,21,46] 

 N: intentionally low to avoid coarse precipitates of TiN [10,21,46] 
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4.2. Details of laboratory processed hot-rolled and cold-rolled steel 

Hot-rolling and cold-rolling processes were simulated in the laboratory at pilot scale at Tata 

Steel Europe R&D. Steel blocks of thickness ~ 30 mm were heated in a muffle furnace at T ~ 

1200 oC. Manual descaling was employed to remove any oxide layer on heated slabs. Heated 

slabs were rolled in between a set of two rollers manually up to thickness of 3 mm. The final 

rolling temperature ~ 890 oC was recorded by pyrometer. To simulate the industrial cooling 

process, strips were passed through a set of cooled rollers (run out table), where it was water 

cooled to temperature of ~ 580 oC to avoid interphase precipitation and to ensure that all 

austenite grains were transformed to ferrite grains. Strips were then transferred to a cooling 

furnace for controlled slow cooling to room temperature in duration of 24 hours. Selected hot-

rolled steel sheets (500 mm x 110 mm x 3 mm) were taken out from the processing route for 

microstructural investigations using SEM-EBSD and STEM, the rest of hot-rolled sheets were 

cold-rolled manually at room temperature to thickness of 1 mm with ~ 70 % reduction in 

thickness. 

4.3. Experimental procedures to study microstructure properties of cold-rolled annealed 

samples 

Typical industrial annealing cycles employed by Tata Steel Europe for annealing of cold rolled 

low-carbon microalloyed steel grades are shown in Fig. 4.3-1. Numbers 1 – 2 – 3 – 4 – 5 

indicate cold-rolled steel heating and cooling steps throughout annealing process. 

Step 1 – 2: Cold-rolled steel sheet is heated in Direct-fired furnace (DFF) in an open flame 

environment. 

Step 2 – 3: Sheet is slowly heated and cooled inside Radiant-tube furnace (RTF) via radiation. 

Step 3 – 4: Sheet is galvanized with Zn coating (400 oC < T < 500 oC). 

Step 4 – 5: Galvanized sheet is slowly air cooled to room temperature. 

In section 2.4 of the literature review “Process route for cold-rolled annealed steel”, the steps 

of a continuous annealing line cycle are explained in detail. 

To avoid the possibility of coarsening of precipitates and promote fine recrystallized grain 

development, laboratory scale bulk size (6 mm x 6 mm x 1 mm) samples were annealed in a 

muffle furnace with fast heating rate (about 10 oC /s to 15 oC /s) to simulate industrially 

designed annealing cycles A and B. Cycle C with lower heating rate promotes coarser 

precipitation and degrades precipitation strengthening [286] and was therefore not simulated 

during bulk muffle annealing experiments. Further longer dwell time of 0 s, 2 min, 5 min, 15 

min, 30 min, 1 hr and 2 hrs annealing experiments were done at 800 oC to study 

recrystallization behaviour of all three grades. EBSD and STEM analysis were carried out to 
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study microstructure and precipitate distribution for different annealing conditions. To 

understand the difference in softening behaviour in the three grades, nanoindentation analysis 

was carried out at different annealing conditions. Hot stage quasi in-situ EBSD was performed 

to study recrystallization kinetics of alpha and gamma fibres by analysing GND in respective 

fibres. Dilatometry experiments were done to evaluate starting and finishing temperature of 

phase transformation from ferrite to austenite in base, Ti+ and Ti+Mn+ steel grades. To study 

mechanical properties, hardness measurements were performed on bulk annealed samples in 

WMG and tensile experiments were performed on ISO/EM A50 size samples for uniaxial test 

in Tata Steel Europe. Further sub-sections discuss in detail about the experimental and 

software tools used to investigate recrystallization and precipitation behaviour. 

 

Fig. 4.3-1 Tata Steel industrial annealing cycles, A, B and C (permission from Tata Steel 

Europe) 

4.3.1. Muffle furnace annealing and EBSD investigation of steel grades 

Samples with dimensions of 6 mm × 6 mm × 1 mm were cut from the centre of the as-received 

sheet (Fig. 4.3-7) and annealed in a muffle furnace under following conditions: 700 oC 0 s, 

800 oC 0 s; 800 oC 2 min; 800 oC 5 min; 800 oC 15 min; 800 oC 30 min; 800 oC 1 hour and 

800 oC 2 hours. Heating rate was controlled to 10 – 15 oC /s. To simulate quick thermal 

response of the sample, a small metal block was kept inside the heated furnace for ~ 0.5 hours. 

A ‘K type’ thermocouple reader coupled with data logger was fitted inside the furnace which 

records the surface temperature of the metallic block as shown in Fig. 4.3-2. The temperature 

difference between the metallic block and muffle furnace (measured by inbuilt thermocouple) 

was recorded as 5 oC. As the target temperature was achieved, the muffle furnace was opened, 

the test sample was quickly put on the metallic block and the door was closed. Temperature 

was recorded throughout the annealing cycle. Once the required annealing temperature and 
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dwell time were achieved, the door was opened and the sample was taken out to be air cooled 

to room temperature. Fig. 4.3-3 shows the plot of the annealing temperature versus time of 

annealed samples for different annealing conditions: 700 oC 0 s, 800 oC 0 s, 800 oC 2 min and 

800 oC 5 min measured by data logger along with industrial annealing cycles A, B and C. The 

cooling curves for all the annealing conditions were similar and are presented for 800 oC 5min 

annealing condition in Fig. 4.3-3.  

 

Fig. 4.3-2 Muffle furnace based in WMG. Thermocouple records surface temperature of metal 

block and feeds back to data logger equipment 

 

Fig. 4.3-3 Tata Steel industrial annealing cycles, A, B and C and temperature versus time plots 

recorded by data logger for annealing conditions of 700 oC 0 s, 800 oC 0 s, 800 oC 2 min and 

800 oC 5 min. Tata Steel Industrial annealing cycles are shown after permission from Tata 

Steel Europe 
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For microstructural study, small samples (6 mm x 1 mm x 1mm) were cut in half parallel to 

the RD-ND plane from the bulk muffle furnace annealed sample (Fig. 4.3-7). Sectioned 

samples were mounted in Bakelite and polished using standard metallographic techniques for 

microstructural investigation in the transverse (TD) direction. Polished samples were placed 

on the stage inside SEM with the Rolling Direction (RD) parallel to X-axis, Transverse 

direction (TD) parallel to Z-axis and Normal direction (ND) parallel to Y axis of the stage 

coordinate axis system inside of the chamber of a FEG-SEM Carl Zeiss fitted with 

NordlysNano EBSD camera by Oxford Instruments [287]. 

For the EBSD data acquisition, an accelerating voltage of 20 kV, an aperture size of 240 μm 

with working distance of 22 mm and a step size of 0.15 μm to 0.3 μm was used depending 

upon the magnification used for image acquisition. MAD values obtained were less than 2o. 

Hough resolution (= 60) and pattern resolution (= 160 x 120 pixels) were set as constants 

during all analyses. For cold-rolled steel, indexing hit rate was > 80 % and cold-rolled 

annealed steel, indexing hit rate was > 95 %. No cleaning approach of the EBSD data set were 

utilised for GND and recrystallization (%) calculations. While, standard cleaning (Fig. 4.3-4) 

[288] of one iteration cycle and four neighbouring pixels was utilised for ND-IPF EBSD maps 

with a scratch as mechanical damage during polishing as presented in thesis. 

 
Fig. 4.3-4 Parameters for standard noise reduction function (taken from Channel 5 Oxford 

Instruments manual [288]) 

4.3.2. Texture study of bulk furnace annealed sample using EBSD 

The muffle furnace-annealed bulk samples were also used to study the alpha and gamma fibre 

texture before and after annealing. In order to study texture in a statistically significant 

microstructural area, EBSD scans at low magnification of ×250 were taken on the RD-ND 
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plane of as-received and annealed polished samples for different annealing conditions using 

the same EBSD data acquisition parameters as mentioned previously. To achieve 

representative texture analysis, at least 1000 recrystallized grains in partially recrystallized 

samples were analysed [289]. EBSD files were exported into HKL Channel 5 software of 

Oxford Instruments to evaluate Orientation Distribution Function (ODF) on the section φ2=45° 

plotted using Bunge notation [290] for Euler space representation. For partially recrystallized 

samples, ODF plots were obtained by selecting un-recrystallized and recrystallized 

microstructural matrices respectively [61]. For other cases such as cold-rolled state and 

annealed samples with negligible recrystallization fraction (< 10 %), ODF plots were obtained 

by selecting the complete microstructural matrix. Microstructural matrix with local average 

misorientation < 1° was characterised as recrystallized grains [35] during selection procedure.  

4.3.3. Texture study using XRD 

Bulk texture analysis of cold-rolled and muffle furnace annealed samples for 800 oC 2 hrs 

annealing condition were performed using X-ray diffraction technique [291] at Tata Steel 

Europe. Texture measurements were conducted at approximately mid-thickness layer of RD-

TD plane. Pole figures, (110), (200) and (211) were acquired from Bruker D8 diffractometer 

fitted with an area sensitive detector (GADDS). Pole figure data from X-ray were exported 

into Van Houtte’s MTM-FHM software package [292] to evaluate 2D ODF maps on the 

section φ2=45°. 

4.3.4. Hot stage quasi in-situ EBSD 

The samples for hot stage quasi in-situ EBSD were cut parallel to the Rolling Direction (RD) 

- Normal Direction (ND) plane from the central part of the rolled sheet, machined to the size 

of 6 mm × 1 mm × 1 mm (Fig. 4.3-7) and mounted in Bakelite. The samples were polished 

using standard metallographic techniques. After polishing, the samples were extracted from 

Bakelite and placed onto a Gatan Murano 525 heating stage [293] shown in Fig. 4.3-5 with 

the Rolling Direction (RD) parallel to X-axis, Transverse direction (TD) parallel to Z-axis and 

Normal direction (ND) parallel to Y axis of the sample holder coordinate axis system inside 

of the chamber of a FEG-SEM Carl Zeiss fitted with NordlysNano EBSD camera by Oxford 

Instruments [287]. The samples were annealed at three different conditions: 700 °C 0 s, and 

800 °C 0 s and 800 °C 2 min at the heating rate in between 10 °C/s to 15 °C/s (Fig. 4.3-6) and 

then cooled down to ambient temperature inside the SEM chamber. For the EBSD data 

acquisition, an accelerating voltage of 20 kV, an aperture size of 240 μm with working 

distance of 22 mm and a step size of 0.15 μm were used. Site specific EBSD scans at 

magnification of ×5k of the same locations of the material were taken prior and after heating 

the sample. Upon cooling, the sample temperature was stabilised at 200 °C to maintain thermal 

equilibrium and to minimise the thermal drift [125]. Fig. 4.3-6 shows the annealing 
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temperature versus time plot measured by thermocouple fitted inside the heating stage for 

different annealing conditions: 700 oC for 0 s, 800 oC for 0 s and 800 oC for 2 min along with 

industrial annealing cycles A, B and C.  

 

.  

Fig. 4.3-5 Gatan Murano 525 heating stage for hot-stage In-situ EBSD experiment (taken 

from GATAN, Murano and Microtest In-situ Stages [293]) 

 

Fig. 4.3- 6 Tata Steel industrial annealing cycles, A, B and C and temperature versus time 

plots recorded by thermocouple in contact with the sample placed in hot-stage for annealing 

conditions of 700 oC 0 s, 800 oC 0 s, 800 oC 2 min and 800 oC 5 min. Tata Steel Industrial 

annealing cycles are shown after permission from Tata Steel Europe 

4.3.5. Post processing of EBSD data 

For post processing of the EBSD results, files were exported into HKL Channel 5 software of 

Oxford Instruments. Normal direction Inverse Pole Figure (ND-IPF) maps were obtained from 

Channel 5 software representing the crystal orientation alignment with respect to the normal 

direction, ND of the sample. Local average misorientation (LAM) maps with kernel size of 

7×7 (n=3) were used to quantify fraction of recrystallized grains and GND density by 
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exporting .ctf files to MTEX texture analysis toolbox, MTEX-4.5.0 available in MATLAB 

R2016b (http://mtex-toolbox.github.io/.) [294]. Further, grains with aspect ratio less than 2.6 

were considered as recrystallized grains [295] and area of recrystallized grains was used to 

evaluate recrystallized fraction. Average GND density is calculated from local average 

misorientation to further evaluate stored energy (contribution from GND density only) 

implementing the same methodology of Wauthier-Monnin et al., Betanda et al. and Huang et 

al. [87,89,296] with aim to quantify the difference in rate of recrystallization of respective 

fibres during annealing at different conditions [125,156,214–216]. To evaluate a noise free 

GND density, the LAM value of all points were calculated and plotted based on a kernel size 

of 11×11 (n=5) to 3×3 (n=1) as described by Moussa et al. [297]. The LAM value for 0th 

neighbour (n=0) was evaluated after extrapolation and used as an average measurement for 

the noise. For a deformed matrix, the average measured noise is about 0.71° whereas for a 

recrystallized matrix this is about 0.25° [297,298]. The average measurement for the noise 

was used to eliminate noise from the average GND values [297]. The detailed information on 

noise and GND density calculations are mentioned in section 9.1 of the supplementary 

information chapter. 

4.3.6. FIB-lift Out and TEM investigation of steel grades 

Polished samples after normal and heated stage EBSD were further subjected to FIB lift-out 

TEM sample preparation after heating at conditions: 700 oC 0 s, 800 oC 0 s; 800 oC 2 min; 800 

oC 5 min. Site-specific FIB lift-outs from recrystallized and un-recrystallized regions were 

carried out to prepare thin samples with dimension of 6 μm × 6 μm and 0.1 μm to 0.2 μm 

thickness for precipitate investigation by TEM. A modified FIB-lift out method was 

implemented using initial ion milling at 30 kV by Gallium (Ga) ions followed by ion milling 

at 500 V at an angle of 12° on both sides of the FIB-lift out samples to minimise Ga ion 

damage and re-deposition inside the chamber of FEI Versa 3D Dual Beam [149,200]. Thinned 

samples were attached to a Copper grid and moved into the FEG-TEM FEI Talos F200X 

operating at 200 kV.  

Complex precipitates of Titanium-Vanadium carbides (Ti,V)(C/N) were identified from high-

resolution scanning transmission electron microscopy (STEM) imaging and chemical maps 

were obtained using four EDS Super-X Silicon Drift Detectors (SDD) fitted inside the TEM 

Talos at a collection angle of 0.9 srad [149]. For image analysis, STEM-EDS chemical maps 

were imported into ImageJ software [299] for quantitative analysis of precipitate dimensions 

and their distribution [300]. For this quantitative analysis, a minimum of 500 precipitates were 

analysed from 10 different STEM images taken from two different FIB-lift out samples for 

each annealing condition [149]. Precipitates were assumed to be circular (in 2D) for 
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quantitative analysis [58,301]. Fig. 4.3-7 represents the sample geometry for hot-stage quasi 

in-situ EBSD and furnace-annealing experiments. 

 

Fig. 4.3-7 Sample geometry for Hot Stage quasi In-situ EBSD (left) and EBSD, 

Nanoindentation and FIB-lift out TEM (right) investigation 

4.3.7. Dilatometry 

Samples of size 10 mm x 2 mm x 1 mm were cut from the centre of as-received sheet for 

dilatometry experiments. A Bähr-Thermoanalyse DIL 805A/D/T quenching dilatometer [302] 

was used to study phase transformation behaviour of three steel grades in a vacuum chamber 

environment. Samples were heated up to 1000 oC at a heating rate of 25 oC/s for a dwell time 

of 10 min. After heating, samples were quenched to room temperature by injecting He gas 

inside the chamber. 

4.4. Mechanical testing 

4.4.1. Nanoindentation experiment 

Polished samples for EBSD were subsequently used for nanoindentation measurements of 

steel grades annealed at different conditions: 700 oC 0 s, 800 oC 0 s; 800 oC 2 min. A NanoTest 

Xtreme supplied by Micro Materials Ltd [303] was used to carry out nano-indents tests on 

steel grades at room temperature. Tests were carried out using a diamond Berkovich indenter 

with tip angle of 65.3o by applying maximum force of 10 mN for a dwell time of 10 s at 

maximum force. Around 50 to 90 indents were made on steel grades for different annealing 

conditions for statistically reliable values. Spacing between indents was 20 μm to avoid any 
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interference. Nanoindentation hardness for individual indents was evaluated from the force 

versus displacement curves using the Oliver-Pharr method [280]. Average hardness values of 

un-recrystallized ferrite matrix was calculated. The ferrite matrix is assumed to be un-

recrystallized if its nanoindentation hardness is greater than average nanoindentation hardness 

for hot-rolled state [251]. For LAM-GND analysis, samples were taken for EBSD scans in 

Zeiss SEM. EBSD scan was performed on the area containing nanoindents. Average LAM 

value of un-recrystallized ferrite matrix is calculated for different annealing conditions [35]. 

4.4.2. Hardness measurement 

The hardness value of a particular material is significant to understand the softening induced 

due to recrystallization. Moreover, empirically Vickers hardness value gives a good estimation 

of strength [274]. For hardness measurement, the muffle furnace annealed samples were cut 

in half and mounted in Bakelite for polishing. After polishing, Vickers hardness indentation 

tests were carried out at load of 1000 gf for a dwell time of 10 s in a Buehler Tukon 1102 

[304]. For statistically reliable hardness result, 10 to 20 indents were made randomly over the 

surface of each tested sample. 

4.4.3. Tensile testing 

To evaluate strength and elongation properties, uniaxial tensile tests were performed on a 100 

kN servo-hydraulic tensile testing machine for cold-rolled and annealed steel grades at Tata 

Steel Europe. The crosshead was operated using force control with a constant loading rate of 

30 MPa/s. Dog-bone shaped tensile samples of ISO/EM A50 size [262] were sectioned from 

cold-rolled sheet for three grades of steel. To simulate annealing cold-rolled sheets of the three 

grades were annealed in a Continuous Annealing Simulator (CASim) for different conditions: 

to simulate laboratory annealing at 700 oC 0 s, 800 oC 0 s; 800 oC 2 min, 800 oC 5 min and to 

replicate industrial annealing cycles A, B and C. Dog bone shaped tensile samples of ISO/EM 

A50 size were sectioned from the annealed sheet for each grades for uniaxial tensile test. For 

each material condition, four tests were done for statistically reliable results. Fig. 4.4-1 

represents schematic figure of tensile test sample. 
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Fig. 4.4-1 Dog bone shaped tensile sample of ISO/EM A50 size. Lc, Lo, So, w and t are parallel 

length, original gauge length, original cross-sectional area of the parallel length, original width 

of the parallel length of test sample, original thickness of test sample respectively 
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5. Results 

5.1. As-received hot-rolled state 

Fig. 5.1-1 shows a low magnification Normal Direction Inverse Pole Figure (ND-IPF) map of 

hot-rolled base grade. Average grain size of hot-rolled base, Ti+ and Ti+Mn+ grades is 10 um, 

7 um and 5 um respectively. In order to investigate the initial precipitation state difference in 

the three grades, FIB-lift out sample is prepared from hot-rolled steel grades and investigated 

in STEM. Fine (precipitate size, d < 5 nm) V(C/N) precipitates in hot-rolled base grade and 

titanium rich (Ti,V)(C/N) precipitates in hot-rolled Ti+ and Ti+Mn+ grades are sparsely 

distributed along subgrain and grain boundaries as shown in Fig. 5.1-2. 

 

Fig. 5.1-1 Normal Direction Inverse Pole Figure (ND-IPF) map of hot-rolled low-carbon 

microalloyed steel (as-received) for the TD section of the base grade sample 

Ti+ and Ti+Mn+ grades contain Ti as an additional precipitating element along with V and 

Ti+Mn+ grade contains higher wt. % of Mn solute atoms than other two grades. During the 

hot-rolling process, fine precipitates of (Ti,V)(C/N) and Mn solute atoms are effective in 

controlling ferrite grain size development by precipitate pinning and solute drag effect 

respectively along grain boundaries in Ti+ and Ti+Mn+ grades of steel [58]. Moreover 

addition of Mn lowers the austenite-ferrite transformation temperature (Ac3) and leads to 

refinement of final hot-rolled Ti+Mn+ grade microstructure [182,246]. 
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Fig. 5.1-2 STEM bright field (BF) image and EDS chemical maps of carbo-nitrides of 

Vanadium V(C/N) decorated along grain boundary and carbo-nitrides of Titanium and 

Vanadium (Ti,V)(C/N) present in ferrite matrix of hot-rolled condition of low-carbon 

microalloyed steel (as-received) of three different grades, base (a), Ti+ (b) and Ti+Mn+ (c). 

Arrows mark the precipitates present in ferrite matrix of hot-rolled base, Ti+ and Ti+Mn+ 

grades 
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5.2. As-received cold-rolled state 

Fig. 5.2-1 shows a Normal Direction Inverse Pole Figure (ND-IPF) map of the cold-rolled (as-

received) state of Ti+ microalloyed steel grade. Due to heavy deformation of 70 % with a 

reduction in thickness to 1 mm, two distinct fibres, alpha (〈110〉//RD) and gamma (〈111〉//ND) 

are formed. Apart from the alpha and gamma fibres, there is also a third type of deformed 

microstructure, which is neither alpha nor gamma fibre signified by randomly orientated 

subgrains divided by high angle grain boundaries. ND-IPF and 2D ODF maps (Fig. 5.2-1) 

represent strong alpha and gamma fibres in cold-rolled Ti+ grade. As-received cold-rolled 

microstructure and texture is very similar for base, Ti+ and Ti+Mn+ grades. The amount of 

stored energy is assumed to be similar in all three grades of steel because of similar cold-rolled 

deformation (%) ~ 70 % [215]. Before annealing, the average GND density and average Stored 

Energy (SE) of the alpha and gamma fibres were evaluated to understand the difference in 

kinetics of recrystallization in both fibres during subsequent annealing. In the cold-rolled 

condition of Ti+ grade, the average GND density and average Stored Energy (SE) values for 

the gamma fibre are 1.17E +15m−2 and 18.43 J/mol respectively which is higher than that of 

the alpha fibre with values of 7.57E+14m−2 and 11.88 J/mol, respectively. Therefore, during 

annealing it is expected that the kinetics of recrystallization will be higher for the gamma fibre 

due to higher driving force as discussed further [125,156,214–216,224]. In Fig. 5.2-1, alpha 

fibre grains are not only represented as red colour for grain orientation spread around 

{001}〈110〉 but also purple (combination of red and blue) colour for grain orientation spread 

around {112}〈110〉 and blue colour for grain orientation spread around {111}〈110〉 which 

belongs to both alpha and gamma fibres. Detailed information on GND density calculation is 

mentioned in section 9.1 of the supplementary information chapter. 
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Fig. 5.2-1 Normal Direction Inverse Pole Figure (ND-IPF) and ODF on the section φ2=45° 

maps of cold-rolled low-carbon microalloyed steel (as-received) for the TD cross-section of 

the Ti+ grade sample. Arrows mark the alpha and gamma fibres and random oriented sub-

grains/grains in the cold-rolled state. A = {001}〈110〉; B = {121}〈110〉; C = {111}〈110〉 and 

D = {111}〈121〉 grain orientation 

5.3. Identification of ferrite to austenite phase transformation temperature 

In order to perform sub-critical annealing within the ferrite phase regime, ferrite to austenite 

starting and finishing temperature is determined by dilatometry experiment and also compared 

with equilibrium values evaluated from Thermo-Calc software using TCFE9 database. 

Samples are annealed for annealing condition of 1000 oC 10 min at heating rate ~ 25 oC/s. 

Ferrite to austenite starting temperature (Ts) is in the order of base < Ti+Mn+ < Ti+ as shown 

in Fig. 5.3-1 and Fig. 5.3-2. Numerical values of starting temperature, Ts (by dilatometry 

experiment Ts of base, Ti+ and Ti+Mn+ grades are 834 oC, 859 oC and 851 oC respectively 

and by Thermo-Calc software Ts of base, Ti+ and Ti+Mn+ grades are 740 oC, 798 oC and 760 

oC respectively) and finishing temperature, Tf  (by dilatometry experiment Tf of base, Ti+ and 

Ti+Mn+ grades are 976 oC, 971 oC and 943 oC respectively and by Thermo-Calc software Tf 

of base, Ti+ and Ti+Mn+ grades are 890 oC, 898 oC and 874 oC respectively) of ferrite to 

austenite phase are mentioned in Table 5.3-1. V and Ti are ferrite stabilisers and Mn favours 

austenite formation during austenite to ferrite phase transformation [182,246]. Presence of Ti 

along with V and low wt. % of Mn (~ 0.35 %) in Ti+ grade facilitates highest stating 

temperature of ferrite to austenite among three grades of steel. 
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Fig. 5.3-1 Dilatometry trace with respect to temperature and time of 0 s to 50 s (a) and 620 s 

to 660 s (b) of the ferrite to austenite phase transformation for base, Ti+ and Ti+Mn+ grades 

of steel. Maximum heating temperature of 1000 oC at 25 oC/s for a dwell time of 10 min and 

air cooled to room temperature. Sample temperature is maintained at 1000 oC for time of 40 s 

to 640 s and therefore dilatometry trace plot for time, 50 s to 620 s is not shown 

 

Fig. 5.3-2 Variation of volume fraction of ferrite phase (a) and austenite phase (b) with 

increase in temperature from 600 oC to 1000 oC for base, Ti+ and Ti+Mn+ grades of steel in 

equilibrium condition evaluated from ThermoCalc using TCFE9 database 

Table 5.3-1 Ferrite to austenite phase transformation starting (Ts) and finishing (Tf) 

temperatures evaluated using Dilatometry (heating rate ~ 25 oC/s) and Thermo-Calc using 

TCFE9 database (equilibrium state) for base, Ti+ and Ti+Mn+ grades of steel 

Grades 

Dilatometry Thermo-Calc 

Ts (oC) Tf (oC) Ts (oC) Tf (oC) 

Base 834 976 740 890 

Ti+ 859 971 798 898 

Ti+Mn+ 851 943 760 874 
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Phase transformation temperatures evaluated from dilatometry and Thermo-Calc are different 

because Thermo-Calc considers equilibrium condition without any effect of heating rate and 

cold-rolled deformation (%) on phase transformation behaviour. Further sub-sections include 

results of recrystallization and precipitation behaviour among three grades upon muffle 

annealing of bulk sized samples. 

5.4. EBSD study of muffle furnace annealed samples 

Samples sized 6 mm x 6 mm x 1 mm of cold-rolled condition are annealed in a muffle furnace 

for different annealing conditions: 700 oC 0 s; 800 oC 0 s; 800 oC 2 min; 800 oC 5 min; 800 oC 

15 min; 800 oC 30 min; 800 oC 1 hr and 800 oC 2 hrs at heating rate ~ 10 oC/s to study 

recrystallization behaviour among base, Ti+ and Ti+Mn+ steel grades. EBSD scans are 

performed on the section cut in half, parallel to RD-ND plane of the sample. For annealing 

temperature of 700 oC with no dwell, nucleation has been initiated within samples of base, Ti+ 

and Ti+Mn+ grades but with insignificant change in microstructure as shown in Fig. 5.4-1a, 

5.4-2a and 5.4-3a respectively. For annealing condition of 800 oC 0 s, base grade is almost 

fully recrystallized with the development of quasi-polygonal recrystallized grains. For 

annealing condition of 800 oC 5 min, recrystallization process is completed in base grade (Fig. 

5.4-1d). Grain growth starts at annealing temperature of 800 oC for dwell of 15 min and 

continues with massive competitive grain growth for dwell time of 2 hrs in base grade (Fig. 

5.4-1h). 

For annealing conditions: 800 oC 0 s; 800 oC 2 min; 800 oC 5 min; 800 oC 15 min; 800 oC 30 

min; 800 oC 1 hr, recrystallization kinetics is slower in Ti+ and Ti+Mn+ grades than in the 

base grade, with un-recrystallized ferrite matrix dominated by alpha fibre grains. {001}<110> 

grains of alpha fibre (shown as red coloured texture in ND-IPF EBSD maps of Fig. 5.4-2 and 

Fig. 5.4-3) have the lowest stored energy. Therefore during annealing at temperature of 800 

oC for longer dwell time of 2 min to 1 hr, {001}<110> grains have not fully recrystallized 

[41,305–307]. Moreover, additional pinning effect of Ti precipitates along GBs could possibly 

retard recrystallization of {001}<110> grain in Ti+ and Ti+Mn+ grades. 
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Fig. 5.4-1 Normal Direction Inverse Pole Figure (ND-IPF) maps of low-carbon microalloyed 

steel of base grade after annealing at 700 oC 0 s (a), 800 oC 0 s (b), 800 oC 2 min (c), 800 oC 5 

min (d), 800 oC 15 min (e), 800 oC 30 min (f), 800 oC 1 hr (g) and 800 oC 2 hrs (h) 
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Fig. 5.4-2 Normal Direction Inverse Pole Figure (ND-IPF) maps of low-carbon microalloyed 

steel of Ti+ grade after annealing at 700 oC 0 s (a), 800 oC 0 s (b), 800 oC 2 min (c), 800 oC 5 

min (d), 800 oC 15 min (e), 800 oC 30 min (f), 800 oC 1 hr (g) and 800 oC 2 hrs (h) 
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Fig. 5.4-3 Normal Direction Inverse Pole Figure (ND-IPF) maps of low-carbon microalloyed 

steel of Ti+Mn+ grade after annealing at 700 oC 0 s (a), 800 oC 0 s (b), 800 oC 2 min (c), 800 

oC 5 min (d), 800 oC 15 min (e), 800 oC 30 min (f), 800 oC 1 hr (g) and 800 oC 2 hrs (h) 
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For annealing condition of 800 oC 0 s, microstructure of Ti+Mn+ grade is similar to that for 

annealing condition of 700 oC 0 s with nucleation of recrystallization occurring along higher 

angle grain boundaries. Fig. 5.4-4 shows recrystallized grain nucleus along HAGB between 

alpha and gamma fibres (arrow marked as A) and between alpha and other random grain 

orientations (arrow marked as B) of Ti+Mn+ grade treated at 800 oC 0 s annealing condition. 

Areas of higher local misorientation form potential sites for nucleation of recrystallization 

such as deformation bands and HAGB between alpha/gamma texture [108,308]. 

 

Fig. 5.4-4 Normal Direction Inverse Pole Figure (ND-IPF) map of low-carbon microalloyed 

steel of Ti+Mn+ grade after annealing at 800 oC 0 s at high magnification of x5k. Arrows ‘A’ 

and ‘B’ indicate nucleation of recrystallized grains along HAGB of alpha/gamma fibre and 

higher misorientation region between alpha fibre and random grain orientations respectively 

For quantitative analysis, EBSD data is post-processed to evaluate recrystallized grain size 

relative frequency (%) and average recrystallized grain size of three grades for different 

annealing conditions. Grains with an aspect ratio less than 2.6 are considered recrystallized 

[295] and quantified for relative frequency (%) and average grain size evaluation as shown in 

Fig. 5.4-5, 5.4-6 and 5.4-7. Minimum of 1000 recrystallized grains are analysed to provide 

statistically significant data. Relative frequency (%) of fine (< 10 μm) recrystallized grains in 

Ti+ and Ti+Mn+ grades is higher than base grade as shown in Fig. 5.4-5 and 5.4-6. Maximum 

recrystallized grain size of Ti+ and Ti+Mn+ grade is between 20 μm to 25 μm. While for base 

grade, relative frequency (%) of recrystallized grain (size > 30 μm) is greater than 10 %. For 

annealing condition of 800 oC 2 hrs, average grain size of base grade (~ 50 μm) is higher than 

Ti+ and Ti+Mn+ grades (~ 6 μm) as shown in Fig. 5.4-7. 
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Fig. 5.4-5 Relative frequency (%) of grain size with aspect ratio greater than 2.6 of base grade 

for different annealing conditions: 800 oC 0 s; 800 oC 2 min; 800 oC 5 min; 800 oC 15 min; 

800 oC 30 min; 800 oC 1 hr and 800 oC 2 hrs 
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Fig. 5.4-6 Relative frequency (%) of grain size with aspect ratio greater than 2.6 of Ti+ (a) 

and Ti+Mn+ (b) grades for different annealing conditions: 800 oC 2 min; 800 oC 5 min; 800 

oC 15 min; 800 oC 30 min; 800 oC 1 hr and 800 oC 2 hrs 
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Fig. 5.4-7 Average grain size with aspect ratio greater than 2.6 of base, Ti+ and Ti+Mn+ 

grades (a) and Ti+ and Ti+Mn+ grades (b) for different annealing conditions: 800 oC 0 s; 800 

oC 2 min; 800 oC 5 min; 800 oC 15 min; 800 oC 30 min; 800 oC 1 hr and 800 oC 2 hrs 

5.5. Recrystallization (%) and JMAK equation 

Recrystallization (%) is evaluated by three methods as described in the section 4.3.5 of 

methodology: LAM, aspect ratio and hardness (HV/1) to quantitatively understand 

recrystallization behaviour among three grades as shown in Fig. 5.5-1. Vickers hardness 

(HV/1) values of base, Ti+ and Ti+Mn+ grades for different conditions are presented in Table 

5.5-1 and later discussed in detail within the section 5.8.2 of mechanical properties. Fig. 5.5-

2 shows an example of evaluation of recrystallization (%) using LAM map. Corresponding 

ND-IPF EBSD map of partially recrystallized sample is shown in Fig. 5.6-2c in the section 

5.6 of hot-stage quasi in-situ EBSD of this chapter. With increased annealing temperature and 

dwell time, recrystallization (%) is increased as shown in Fig. 5.5-1. For annealing condition 

of 800 oC 0 s: base grade is almost fully recrystallized and average recrystallization (%) of 

Ti+ grade (LAM method ~ 19 %) is slightly higher than Ti+Mn+ grade (LAM method ~ 8 %). 

With increase in dwell time (> = 2 min) at 800 oC, average recrystallization (%) of Ti+ and 

Ti+Mn+ are very similar (for annealing condition of 800 oC 2 min, 800 oC 5 min, 800 oC 15 
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min, 800 oC 30 min, 800 oC 1 hr and 800 oC 2 hrs, average recrystallization (%) evaluated by 

LAM method of Ti+ grade are 66 %, 77 %, 86 %, 92 %, 91 % and 99 % respectively and of 

Ti+Mn+ grade are 59 %, 79 %, 88 %, 93 %, 89 % and 99 % respectively) as shown in Fig. 

5.5-1b and 5.5-1c. 
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Fig. 5.5-1 Recrystallization (%) measurements using three different methods: local average 

misorientation (LAM), aspect ratio (AR) and Vickers hardness (HV/1) of base (a), Ti+ (b) and 

Ti+Mn+ (c) grades of steel for different conditions: cold-rolled; 700 oC 0 s; 800 oC 0 s; 800 

oC 2 min; 800 oC 5 min; 800 oC 15 min; 800 oC 30 min; 800 oC 1 hr and 800 oC 2 hrs 



Ishwar Kapoor  PhD Thesis 

68 
 

 

Fig. 5.5-2 Local average misorientation (LAM) map (a) and (b) and plots (c) and (d) before 

and after annealing of low-carbon microalloyed steel at 800 °C 0 s 

Table 5.5-1 Vickers hardness (HV/1) measurements of base, Ti+ and Ti+Mn+ grades of steel 

for different conditions 

Conditions Base Ti+ Ti+Mn+ 

Cold-rolled 220 ± 5 280 ± 7 290 ± 3 

700 oC 0 s 225 ± 3 270 ± 3 330 ± 5 

800 oC 0 s 124 ± 4 254 ± 20 300 ± 4 

800 oC 2 min 113 ± 2 196 ± 8 213 ± 7 

800 oC 5 min 110 ± 2 168 ± 8 176 ± 5 

800 oC 15 min 114 ± 2 156 ± 2 154 ± 2 

800 oC 30 min 99 ± 2 130 ± 2 136 ± 3 

800 oC 1 hr 73 ± 3 116 ± 2 123 ± 2 

800 oC 2 hrs 66 ± 3 101 ± 2 110 ± 2 
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Recrystallization kinetics are expressed using Johnson-Mehl-Avrami-Kolmogorov (JMAK) 

equation for annealing conditions: 800 oC 0 s, 800 oC 2 min, 800 oC 5 min, 800 oC 15 min, 

800 oC 30 min, 800 oC 1 hr and 800 oC 2 hrs. Since base grade is fully recrystallized at 800 oC 

0 s, therefore recrystallization (%) values of Ti+ and Ti+Mn+ grades are used in JMAK 

equations to evaluate constants. JMAK equation is expressed in logarithmic form (equation 

5.5-1) and un-known constants, n and 𝑘 are determined by line fitting method as shown in Fig. 

5.5-3. 

                                                    ln (− ln(1 − 𝑋(𝑡))) = n ∗ ln(t) + ln (𝑘)                   (5.5-1) 

Value of Avrami constant, n is less than 1 for both Ti+ and Ti+Mn+ grades at annealing 

temperature of 800 oC. A lower value of n could be because of non-homogenous stored energy 

distribution within ferrite matrix, non-homogenous grain size distribution and sluggish 

recrystallization behaviour during annealing [40,96,218,309–311]. 

 

Fig. 5.5-3 Logarithmic plot of recrystallization fraction and time of Ti+ and Ti+Mn+ grades 

of steel for annealing temperature of 800 oC 

5.6. Quasi in-situ analysis of geometrically necessary dislocation density in α- fibre and 

γ-fibre after annealing at 700 °C 0 s; 800 °C 0 s and 800 °C 2 min  

Previous results are focussed on the recrystallization behaviour of base, Ti+ and Ti+Mn+ steel 

grades. From the ND-IPF EBSD maps it was observed that alpha fibre grains take longer dwell 

time to recrystallize during annealing of Ti+ and Ti+Mn+ grades. Hot stage quasi in-situ 

EBSD is performed to study onset of nucleation and alpha and gamma recrystallized texture 

development on the surface of Ti+ grade sample during sub-critical annealing. Difference 

between surface and bulk microstructural observation for hot quasi in-situ EBSD is discussed 

in detail in sub-section 6.3.2 of discussion chapter. 

Initiation of nucleation of recrystallization has started in locations as indicated by arrows A, 

B and C in IPF map of Fig. 5.6-1b for annealing condition of 700 oC 0 s. The arrow marked 

A has grain orientation {112}〈110〉 of the alpha fibre texture and nucleation occurred from a 

deformed matrix with similar orientation. The arrow marked B has grain orientation 

{111}〈110〉 of the gamma fibre texture and nucleation is expected to be linked with the gamma 
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fibre orientation due to its higher initial stored energy. Apart from nucleation of grains with 

alpha and gamma fibre orientations, some other grains with different orientations such as grain 

orientation {313}〈031〉 marked as C have also nucleated from the deformed region surrounded 

by high angle grain boundaries. The above grain nucleation characteristics are consistent with 

the results of Thomas et al. [120] obtained after annealing of IF steel. 

 

Fig. 5.6-1 Normal Direction Inverse Pole Figure (ND-IPF) maps of low-carbon microalloyed 

steel before annealing (a) and after annealing at 700 °C 0 s (b). In Fig. 5.6-1a, the alpha fibre 

region is marked as 1 and the gamma fibre region is marked as 2 for the cold-rolled state. In 

Fig. 5.6-1b, a bulged portion of the alpha fibre region is marked as 3 for the annealed sample. 

Arrows marked as A, B and C in Fig. 5.6-1b are recrystallized nucleus after annealing 

At a higher magnification, the bulging of alpha fibre texture grain boundaries to the deformed 

matrix of gamma fibre texture is observed. The average GND density has been calculated for 

the regions 1, 2 and 3 in Fig. 5.6-1 by capturing the average misorientation value from about 

50 pixels. It was found that the average GND density value of region 1 is less than that of 

region 2 and that the difference in average GND density value between both the regions is 

about 1.4E+14m−2. Because of the difference in average GND density and stored energy, high 

angle grain boundaries from low average GND regions of the deformed alpha fibre have 

migrated to the high average GND density regions of deformed gamma fibre, decreasing the 

average GND density value from 1.4E +15m−2 to 1.1E+15m−2 in region 3. In a previous study 

on carbon steels by H. Réglé, bulging of subgrain boundaries into gamma grain boundaries 

has been observed and related to differences in recovery rate and subgrain size [312,313]. In 

the magnified ND-IPF images of regions 1, 2 and 3 in Fig. 5.6-1 black dots are non-indexed 

points due to the noise which results from the heavy cold-rolling deformation (about 70 % 

thickness reduction) and possibly the minor damage of the sample during preparation. The 

black lines correspond with high-angle grain boundaries (> 10°) separating the alpha and 

gamma fibres. 
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Fig. 5.6-2 Normal Direction Inverse Pole Figure (ND-IPF) maps for two annealing conditions: 

before (a) and after (c) annealing at 800 °C 0 s, and before (b) and after (d) annealing at 800 

°C 2 min. For 800 °C 0 s annealing condition, site specific local average misorientation 

(LAM), log of geometrically necessary dislocation (GND) density and log of stored energy 

(SE) map is shown for the un-recrystallized and recrystallized matrix of annealed sample 

With an increase in temperature and dwell time to 800 °C 0 s and 800 °C 2 min, the 

recrystallization process is initiated and the recrystallization fraction is increased as shown 

qualitatively by the ND-IPF maps in Fig. 5.6-2. Since the gamma fibre has a higher initial 

stored energy (driving force for recrystallization) as compared to alpha fibre in cold rolled 

state, therefore during annealing it could be observed from ND-IPF maps in Figs. 5.6-2c and 

d that the alpha fibre is still in recovery stage while grains belonging to the gamma fibre are 

fully recrystallized and the stored energy is released lowering the GND density. Site specific 

local average misorientation, GND density and Stored Energy (SE) maps are shown from the 

matrix of alpha, gamma, and other orientations. After annealing at 800 °C 0 s, average GND 

density values in region 1’ (grain orientation spread around {001}〈110〉) and 2’ (grain 

orientation spread around {112}〈110〉) of the un-recrystallized alpha fibre are 6.1E+14m−2 and 

2.0E+14m−2 respectively, which decreased as compared to the as-received average GND 

values in region 1 and 2 of 6.2E+14m−2 and 2.3E+14m−2, as shown in Figs. 5.6-2a and c 

respectively. While in the case of recrystallized grain 3’ (grain orientation {111}〈110〉 of 

gamma fibre texture), recrystallized grain 4’ (grain orientation {123}〈121〉) and recrystallized 
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grain 5’ (grain orientation {313}〈031〉) the average GND density values are 2.3E +13m−2, 

3.2E+13m−2 and 4.0E+13m−2 respectively. Qualitatively and from the average GND values, a 

drop in the stored energy has not taken place much in the un-recrystallized alpha fibre matrix 

and therefore un-recrystallized grains belonging to the alpha fibre have potential for further 

recrystallization during increment of dwell time by 2 min for 800 °C. 

5.7. Texture analysis of muffle annealed samples 

Cold-rolled texture of base, Ti+ and Ti+Mn+ steel grades consists of strong alpha and gamma 

texture as shown in Fig. 5.7-1a, 5.7-1b and 5.7-1c respectively. Alpha fibre of base and Ti+ 

steel grades has maximum orientation density peak at {112}〈110〉 grain [314]. In the case of 

Ti+Mn+ grade, maximum orientation density peak is around {001}<110> grain [315] as 

shown in Fig. 5.7-1c. Gamma fibre texture has the maximum orientation density peak at 

{111}〈110〉 grain rather than {111}〈112〉 grain, which is shown as the characteristics of low-

carbon steel deformed between 70 % and 80 % by Hölscher et al. using their “pancake” 

mathematical modelling [316]. As has been shown in Fig. 5.4-1a, 5.4-2a and 5.4-3a complete 

recrystallization has not taken place in the samples annealed at 700 °C 0 s and only limited 

nucleation occurred with the presence of about ~ 95% of as-deformed matrix, therefore texture 

of the complete matrix (un-recrystallized and recrystallized) of annealed steel is evaluated and 

it is found to be similar to the cold-rolled (as-received) steel texture as shown in Fig. 5.7-1a, 

5.7-1b and 5.7-1c. 

 

Fig. 5.7-1a ODF on the section φ2=45° texture maps of base grade steel 
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Fig. 5.7-1b ODF on the section φ2=45° texture maps of Ti+ grade steel 

Texture of the complete recrystallized microstructure of base grade annealed at different 

conditions of 800 oC 0 s, 800 oC 2 min, 800 oC 5 min, 800 oC 15 min and 800 oC 30 min, 

resembles gamma texture. During the grain growth stage (when average grain size grows 

above 30 μm) of the base grade for annealing condition of 800 oC 1 hr and 800 oC 2 hrs, 

complete textural information could not be obtained using the EBSD method since fewer 

grains than 1000 at magnifications x200 to x500 are acquired and show only strong peaks (> 

8) around grain orientations, {121}<110> and {111}<110>. In the case of recrystallized 

matrix for Ti+ grade, for annealing conditions of 800 oC 0 s, 800 oC 2 min, 800 oC 5 min, 800 

oC 15 min, 800 oC 30 min, 800 oC 1 hr and 800 oC 2 hrs, maximum orientation density peak 

is at around {111}〈110〉 grain in alpha fibre as compared to the peak at {112}〈110〉 grain in 

cold-rolled condition. Recrystallized texture is dominated with strong gamma fibre texture. 

Un-recrystallized texture is mainly composed of lower stored energy alpha grains as shown in 

Fig. 5.7-1b. Complete microstructural texture of Ti+Mn+ grade annealed at 800 oC 0 s is 

similar to the cold-rolled texture as there is insignificant change in microstructure during 

annealing. Texture results of Ti+Mn+ grade are similar to Ti+ grade with gamma fibre grains 

dominant in the recrystallized microstructure which are preferentially formed during 

annealing due to higher stored energy [224,306], and alpha fibre grains dominant in the un-
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recrystallized microstructure for dwell time of 2 min and longer at 800 oC as shown in Fig. 

5.7-1c. Texture of complete microstructure of Ti+Mn+ grade shows relatively weaker gamma 

texture than that of Ti+ grade for annealing condition of 800 oC 2 hrs as shown in Fig. 5.7-1c. 

 

Fig. 5.7-1c ODF on the section φ2=45° texture maps of Ti+Mn+ grade steel 

X-ray diffraction (XRD) measurements are carried out and 2D ODF maps are plotted to study 

bulk texture of three grades for cold-rolled and 800 oC 2 hrs conditions as shown in Fig. 5.7-

2. Cold-rolled bulk texture of base, Ti+ and Ti+Mn+ grades obtained from XRD consist of 

strong alpha and gamma fibres as shown in Fig. 5.7-2. Bulk texture of base, Ti+ and Ti+Mn+ 

grades annealed at 800 oC 2 hrs condition is dominated with stronger gamma fibre than alpha 

fibre as shown in Fig. 5.7-2. Texture intensity of gamma fibre of base grade is weaker than 

Ti+ and Ti+Mn+ grades for annealing condition of 800 oC 2 hrs. Texture data of Ti+ and 

Ti+Mn+ grades obtained from XRD are similar to each other containing strong gamma fibre 

and weak alpha fibre and is in contrast to the earlier EBSD data observations (Fig. 5.7-1b and 

5.7-1c). Also texture results of base grade obtained from EBSD data (Fig. 5.7-1a) and XRD 

data (Fig. 5.7-2) for annealing condition of 800 oC 2 hrs are different. The above difference in 

texture results of complete microstructure obtained from EBSD and XRD data for annealing 

condition of 800 oC 2hrs is discussed in detail in section 6.1.6 of the discussions chapter. In 
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further sub-sections, STEM-EDS maps are presented for three grades at different conditions 

to understand precipitates’ interaction with recrystallization process. 

 

Fig. 5.7-2 ODF on the section φ2=45° texture maps of base, Ti+ and Ti+Mn+ grades of steel 

for cold-rolled state and 800 oC 2 hrs annealing condition respectively 

5.8. Precipitate study of muffle furnace annealed samples 

For temperature of 700 °C with no dwell, fine (d < 15 nm) precipitates of V(C/N) in base 

grade and (Ti,V)(C/N) in Ti+ and Ti+Mn+ grades are found to form in the un-recrystallized 

deformed bands and on recovered sub-grain boundaries as shown in STEM-EDS chemical 

maps of Ti+ and Ti+Mn+ grades of Fig. 5.8-1 and Fig. 5.8-2 respectively. Fine precipitates 

decorated along defects provide resistance to boundary motion by Zener pinning during 

annealing [101]. Carbo-nitrides of Ti and V exist as complex precipitates due to their mutual 

solubility with each other in both Ti+ and Ti+Mn+ grades [142,154]. With increase in 

temperature to 800 °C and dwell time to 0 s, 2 min and 5 min, relative frequency (%) of coarse 

precipitates (d > 15 nm) is increased as shown in the Fig. 5.8-6. Because of the increased 

temperature, dwell time, and the fact that precipitates are coarser, grain boundaries are able to 

move [101] and the deformed grains and bands are recrystallized into a fully grown strain free 

grains. For annealing conditions of 800 oC 2 min and 800 oC 5 min, fine (d < 15 nm) and 

coarse (d > 15 nm) precipitates are located inside recrystallized grains as shown in Fig. 5.8-

4a, 5.8-4b and 5.8-5 and fine precipitates are decorated along un-recrystallized grain boundary 

as shown in Fig. 5.8-4c. STEM-EDS mapping is also performed on carbon replica samples of 

Ti+ grade annealed at 800 oC 5 min. High magnification (x180k) V and Ti chemical maps and 
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selected area diffraction (SAED) pattern of the one of the (Ti,V)(C/N) precipitates (marked 

with an arrow) with zone axis parallel to [1̅12] direction are shown in Fig. 5.8-3. 

 

Fig. 5.8-1 STEM bright field (BF) image (a) and EDS chemical maps (b) and (c) of carbo-

nitrides of Titanium and Vanadium (Ti,V)C precipitates pinned to a sub-grain boundary at 

700 °C 0 s for Ti+ grade steel at two different FIB-lift out samples after bulk-furnace annealing 

The data in Fig. 5.8-6 shows that relative frequency (%) of finer precipitates (d < 15 nm) are 

higher for 700 °C 0 s and 800 °C 0 s and relative frequency (%) of coarser precipitates (d > 

15 nm) are higher for 800 °C 2 min and 5 min for three grades. There is no significant 

difference in precipitation characteristics between Ti+ and Ti+Mn+ grades. For annealing 

conditions of 700 oC 0 s and 800 oC 0 s, relative frequency (%) of finer precipitates (< 10 nm) 

evaluated is ~ 10 % higher in Ti+Mn+ than Ti+ grade as shown in Fig. 5.8-6b and 5.8-6c. The 

statistical evaluation of precipitate size for annealing conditions of 700 °C 0 s and 800 °C 0 s 

may not be accurate due to nature of precipitates. For no dwell conditions, precipitates are 

very fine and closely spaced along microstructural defects which make post-processing of 

STEM-EDS maps in ImageJ software difficult. Detailed steps of precipitate size and volume 

fraction calculations are mentioned in section 9.3 of the supplementary information chapter. 

For annealing conditions of 700 °C 0 s, 800 °C 0 s, 800 °C 2 min and 800 °C 5 min, average 

diameter of precipitates of base grade are 12.4 nm, 13.1 nm, 20.4 nm and 21.4 nm respectively, 

of Ti+ grade are 11.9 nm, 14.1 nm, 13.8 nm and 16 nm respectively and of Ti+Mn+ grade are 

10.7 nm, 13.6 nm, 11.5 nm and 14.3 nm respectively (Fig. 5.8-7). Average precipitate size is 

increased with increases in annealing temperature and dwell time for all three grades. For base 

grade, average precipitate size is coarser than Ti+ and Ti+Mn+ grades with increase in dwell 

time to 2 min and 5 min for annealing temperature of 800 °C. 

The precipitate number density in the hot-rolled state is considerably lower (< 1020 m-3) than 

cold-rolled annealed conditions as shown in Fig. 5.8-8. During annealing, fine new 

precipitates nucleate along sub-grain and grain boundaries (Fig. 5.8-1 and 5.8-2) and possibly 

impairs grain boundary migration. In the case of the base grade for longer dwell time (> 0 s) 

at an annealing temperature of 800 oC, precipitates start coarsening and average precipitate 
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number density decreases to ~ 3.7E+20 m-3. While for Ti+ and Ti+Mn+ grades, precipitate 

number density decreases for dwell time > 2 min at annealing temperature of 800 oC. 

 

Fig. 5.8-2 STEM high-angle annular dark-field (HAADF) image superimposed with 

Vanadium EDS chemical map (a), bright field (BF) image (b) and EDS chemical maps of 

carbo-nitrides of Titanium and Vanadium (Ti,V)C precipitates (c) and (d) pinned to a sub-

grain boundary at 700 °C 0 s for Ti+Mn+ grade steel at two different FIB-lift out samples after 

bulk-furnace annealing 
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Fig. 5.8-3 EDS chemical maps (left) and diffraction pattern (right) of one of the (Ti,V)(C/N) 

precipitates suspended in carbon replica film (shown with a pink arrow) of Ti+ grade sample 

treated at 800 oC 5 min annealing condition 
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Fig. 5.8-4 STEM bright field (BF) image and EDS chemical maps of carbo-nitrides of 

Vanadium V(C/N) precipitates for base (a) and carbo-nitrides of Titanium and Vanadium 

(Ti,V)C precipitates for Ti+ (b) and Ti+Mn+ (c) grades of steel annealed at 800 °C 2 min 

condition at two different FIB-lift out samples for each grade after bulk-furnace annealing 
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Fig. 5.8-5 STEM bright field (BF) image and EDS chemical maps of carbo-nitrides of 

Vanadium V(C/N) precipitates for base (a) and carbo-nitrides of Titanium and Vanadium 

(Ti,V)C precipitates for Ti+ (b) and Ti+Mn+ (c) grades of steel annealed at 800 °C 5 min 

condition at two different FIB-lift out samples for each grade after bulk-furnace annealing 
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Fig. 5.8-6 Relative frequency (%) of precipitate size of base (a), Ti+ (b) and Ti+Mn+ (c) 

grades of steel for different annealing conditions: 700 oC 0 s; 800 oC 0 s; 800 oC 2 min and 

800 oC 5 min 
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Fig. 5.8-7 Average precipitate size of base (a), Ti+ (b) and Ti+Mn+ (c) grades of steel for 

different annealing conditions: 700 oC 0 s; 800 oC 0 s; 800 oC 2 min and 800 oC 5 min 

 

Fig. 5.8-8 Precipitate number density of base, Ti+ and Ti+Mn+ grades of steel for different 

conditions: hot-rolled; 700 oC 0 s; 800 oC 0 s; 800 oC 2 min and 800 oC 5 min 

5.9. Mechanical properties 

5.9.1. Nanoindentation analysis of muffle furnace annealed samples 

Nanoindentation measurements are carried out on the polished samples after EBSD analysis 

in as cold-rolled and annealed at 700 oC 0 s, 800 oC 0 s and 800 oC 2 min to understand the 

difference in softening behaviour among base, Ti+ and Ti+Mn+ steel grades. Fig. 5.9-1 

represents band contrast (BC) map of 90 (10 x 9) indents across annealed microstructure of 

Ti+ grade treated for 800 oC 2 min condition. The BC map is divided into four different regions, 

1, 2, 3 and 4 and their corresponding ND-IPF and GND density maps are presented sideways 

as shown in Fig. 5.9-1. Distribution of GND density of un-recrystallized ferrite matrix (order 
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of 1014 m-2 to 1015 m-2) is higher than recrystallized ferrite matrix (order of 1013 m-2) as shown 

in GND maps in Fig. 5.9-1. Also, GND density (order of 1014 m-2) near the indent is higher 

than recrystallized ferrite matrix (order of 1013 m-2) because of the dislocation pile up 

introduced during the nanoindentation experiment. 

Average GND density of the un-recrystallized ferrite matrix of base, Ti+ and Ti+Mn+ grades 

for each conditions is evaluated (Fig. 5.9-2) to understand the difference in softening 

behaviour among different steel grades. Due to static recovery and recrystallization, drop in 

average GND density within the un-recrystallized ferrite matrix of base grade (1.0E+15 m-2) 

is highest as compared to Ti+ (3.8E+14 m-2) and Ti+Mn+ (1.9E+14 m-2) for annealing 

condition of 800 oC 0 s. A smaller drop in average GND density for Ti+Mn+ grade (1.9E+14 

m-2) than Ti+ grade (3.8E+14 m-2) indicates negligible static recovery within un-recrystallized 

ferrite matrix for annealing condition of 800 oC 0 s. While, for 800 oC 2 min annealing 

condition drop in average GND density for Ti+ grade (7.2E+14 m-2) and Ti+Mn+ grade 

(6.9E+14 m-2) are very similar as shown in Fig. 5.9-2. 

 

Fig. 5.9-1 Band contrast (BC) map (centre) of Ti+ grade steel with 90 nanoindents after bulk 

furnace annealing at 800 oC 2 min condition. Normal direction inverse pole figure (ND-IPF) 

maps (left and right) and geometrically necessary dislocation (GND) density maps (top and 

bottom) of corresponding regions, numbered as 1, 2, 3 and 4 in white colour. Circles mark the 

dislocation pile up near the indents introduced during nanoindentation 
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Fig. 5.9-2 Average geometrically necessary dislocation (GND) density of base, Ti+ and 

Ti+Mn+ grades of steel for different conditions: cold-rolled; 700 oC; 800 oC 0 s and 800 oC 2 

min 

 

Fig. 5.9-3 Average nanoindentation hardness of base, Ti+ and Ti+Mn+ grades of steel for 

different conditions: cold-rolled; 700 oC; 800 oC 0 s and 800 oC 2 min 

Average nanoindentation hardness is evaluated from the un-recrystallized ferrite matrix of 

base, Ti+ and Ti+Mn+ grades for each conditions as shown in Fig. 5.9-3. The trend in change 

in hardness values for different conditions of three grades is very similar to the trend in change 

in average GND density of the un-recrystallized ferrite matrix. The highest drop in average 
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nanoindentation hardness takes place in base grade (1.27 GPa) for annealing condition 800 oC 

0 s. The drop in average nanoindentation hardness in Ti+ grade (0.45 GPa) is higher than 

Ti+Mn+ grade (~ 0 GPa) for annealing condition of 800 oC 0 s. For annealing condition of 

800 oC 2 min, the drop in average nanoindentation hardness for Ti+ grade (~ 1 GPa) and 

Ti+Mn+ grade (~ 0.9 GPa) is very similar. 

For the nanoindentation hardness results presented above (Fig. 5.9-3), ferrite matrix is 

assumed to be un-recrystallized if its nanoindentation hardness is greater than average 

nanoindentation hardness for hot-rolled state [251]. Nanoindentation hardness of hot-rolled 

base, Ti+ and Ti+Mn+ grades are 2.11 ± 0.06 GPa, 3.31 ± 0.19 GPa and 3.24 ± 0.08 GPa 

respectively.  

5.9.2. Microhardness and Uniaxial tensile measurements 

Hardness measurements are carried out on samples sized 6 mm x 6 mm x 1 mm of base, Ti+ 

and Ti+Mn+ grades treated for different conditions of as cold-rolled, annealed 700 oC 0 s, 800 

oC 0 s, 800 oC 2 min, 800 oC 5 min, 800 oC 15 min, 800 oC 30 min, 800 oC 1 hr and 800 oC 2 

hrs. For cold-rolled state, average hardness of Ti+ (280 ± 7 HV/1) and Ti+Mn+ (290 ± 3 HV/1) 

grades are similar and higher than base grade (220 ± 5 HV/1). The rate of softening is highest 

in the base grade with a decrease in hardness (96 HV/1) for annealing condition of 800 oC 0 s. 

Average hardness of base grade (~ 115 HV/1) is almost similar from dwell time of 0 s to 15 

min at annealing temperature of 800 oC. With an increase in dwell time to 15 min and longer, 

average hardness of base grade further decreases to ~ 66 HV/1 for 800 oC 2 hrs. With an 

increase in dwell time to 2 min and longer for annealing temperature of 800 oC, average 

hardness of Ti+ and Ti+Mn+ grades are similar as shown in Fig. 5.9-4. 

Room temperature uniaxial tensile tests are performed to measure strength and elongation (%) 

properties of base, Ti+ and Ti+Mn+ grades treated for different conditions of as cold-rolled, 

and annealed at 700 oC 0 s, 800 oC 0 s, 800 oC 2 min and 800 oC 5 min. Proof strength (yield 

strength at 0.2 % strain), R0.2 is evaluated from the tensile curve and compared with empirical 

yield strength (YS) obtained from Vickers hardness using the relation (equation 5.9-1) as 

shown below: 

 

                                                                   𝐻𝑉 ~ 3 ∗ 𝜎𝑦                                                   (5.9-1) 

There is insignificant difference between the empirical yield strength and R0.2 values of three 

grades for different conditions as shown in Fig. 5.9-5. In cold-rolled state, average R0.2 and 

tensile strength (TS) of Ti+ (R0.2 = 946 ± 47 MPa and TS = 949 ± 44 MPa) and Ti+Mn+ (R0.2 

= 1003 ± 2 MPa and TS = 1018 ± 8 MPa) grades are higher than base grade (R0.2 = 702 ± 8 
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MPa and TS = 719 ± 6 MPa). For annealing condition of 700 oC 0 s, strength values are similar 

to that of cold-rolled state with poor elongation (%) (EL < 3 %). For annealing temperature of 

800 oC, R0.2 of base grade significantly decreases to 350 - 390 MPa as shown in Fig. 5.9-5, 

because of dislocation softening, recrystallization of deformed texture [61] and precipitate 

coarsening in recrystallized ferrite matrix. The elongation (%) of base grade is increased up to 

33 % for annealing condition of 800 oC 5 min as shown in Fig. 5.9-7. 

 

Fig. 5.9-4 Average Vickers hardness of base, Ti+ and Ti+Mn+ grades of steel for different 

conditions: 700 oC 0 s; 800 oC 0 s; 800 oC 2 min; 800 oC 5 min; 800 oC 15 min; 800 oC 30 

min; 800 oC 1 hr and 800 oC 2 hrs 

 

Fig. 5.9-5 Comparison of Yield strength at 0.2 % strain (R0.2) and empirical yield strength 

(YS) of base, Ti+ and Ti+Mn+ grades of steel for different conditions: cold-rolled; 700 oC 0 

s; 800 oC 0 s; 800 oC 2 min; 800 oC 5 min 
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Fig. 5.9-6 Tensile strength (TS) of base, Ti+ and Ti+Mn+ grades of steel for different 

conditions: cold-rolled; 700 oC 0 s; 800 oC 0 s; 800 oC 2 min; 800 oC 5 min 

 

Fig. 5.9-7 Elongation, EL (%) of base, Ti+ and Ti+Mn+ grades of steel for different 

conditions: cold-rolled; 700 oC 0 s; 800 oC 0 s; 800 oC 2 min; 800 oC 5 min 

For annealing condition of 800 oC 0 s, R0.2 of Ti+ grade is decreased by approximately 100 

MPa, which is more than Ti+Mn+ grade at about 20 MPa. With an increase in dwell time to 2 

min for annealing temperature of 800 oC, R0.2 of Ti+ and Ti+Mn+ grades have decreased to ~ 

560 MPa and ~ 600 MPa respectively. Elongation (%) of Ti+ and Ti+Mn+ grades is low at 

around ~ 9 % as shown in Fig. 5.9-7. 
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6. Discussion 

Based upon previous results, three main sections are discussed in this chapter: results of EBSD 

and STEM on the as-received and muffle furnace annealed steel grades, mechanical properties 

of each annealed condition, and hot-stage quasi in-situ EBSD testing. The first section 

includes discussion about the effect of carbo-nitrides of titanium and vanadium precipitates 

and Mn solute atoms on the recrystallization behaviour of base, Ti+ and Ti+Mn+ steel grades, 

cold-rolled and annealed texture development in the three steel grades and recrystallization 

(%) evaluation by three methods: LAM, aspect ratio and hardness (HV/1). The second section 

includes discussion about strengthening contribution from different elements (such as grain 

size, dislocation density, solid solution, inherent matrix and precipitation strengthening) and 

comparison of strength and elongation (%) properties of the base, Ti+ and Ti+Mn+ grades 

with multiphase steel grades. The third section includes discussion about reliability of surface 

microstructural observation of hot stage quasi in-situ EBSD and the role of alpha and gamma 

fibres on recrystallization mechanism during annealing. 

6.1. EBSD and STEM analysis of the as-received and muffle furnace annealed steel 

grades 

6.1.1. Initial precipitate state in the hot-rolled steel grades 

STEM-EDS experiment shows microstructure with negligible amount of precipitates in the 

hot-rolled steel grades. For a virtually pure iron-carbon alloy, maximum solubility of carbon 

in ferrite matrix is ~ 0.022 wt. % at 727 oC [79]. For the three steel grades studied in this thesis, 

the carbon content in base, Ti+ and Ti+Mn+ is ~ 0.05 wt. % which is higher than the above 

maximum solubility in ferrite phase. Therefore, the excessive carbon content about 0.028 wt. % 

(0.05 %– 0.022 %) is present in the form of iron-carbide and/or complex carbides of Ti and V 

in hot-rolled state, depending on the coiling temperature and cooling rate after coiling. Fig. 

6.1-1 shows iron-carbide along grain boundary of ferrite matrix in hot-rolled Ti+ grade. Lower 

coiling temperature (T ~ 580 oC) during hot-rolling process favours precipitating elements (Ti 

and V) to be in solution state and promotes the formation of microstructure with a lower 

volume fraction of fine precipitates [146–149]. During annealing of cold-rolled steel grade, 

iron-carbide dissolves to release carbon back into ferrite matrix, as the alloy carbides are 

thermodynamically more stable than iron carbides [84]. Upon further annealing, free C in 

ferrite phase combines with Ti and V to form precipitates in the cold-rolled annealed steel 

grades. 
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Fig. 6.1-1 STEM bright-field (BF) image superimposed with Carbon EDS chemical map (a) 

bright field (BF) image (b) and EDS chemical map of C (c), Ti (d) and V (e). Iron-carbide 

along sub-grain boundary in the hot-rolled Ti+ grade. Arrows mark the iron-carbide in C 

chemical map and carbo-nitride of titanium in Ti chemical map 

6.1.2. Difference in grain size in hot-rolled steel grades 

The average grain size of the hot-rolled steel grades is in the order of base (10 µm) > Ti+ (7 

µm) and Ti+Mn+ (5 µm). The hot rolling parameters used for all three steels was nominally 

the same. The difference in initial average grain size among the three grades could be due to 

differences in non-recrystallization temperature (Tnr). Tnr is defined as the temperature below 

which static recrystallization is no longer completed between two successive rolling passes 

[317–319]. Approximate value of Tnr is evaluated for base (Tnr ~ 940 oC), Ti+ (Tnr ~ 1011 oC) 

and Ti+Mn+ (Tnr ~ 1011 oC) grades using empirical relationship proposed by Boratto et al. 

[320] 

𝑇𝑛𝑟 = 887 + 464𝐶 + (6445𝑁𝑏 − 644√𝑁𝑏 ) + (732𝑉 − 230√𝑉 ) + 890𝑇𝑖 + 363𝐴𝑙 −

357𝑆𝑖                                                                                                                                (6.1-1) 

Where, C, Nb, V, Ti, Al and Si are wt. % of carbon, niobium, vanadium, titanium, aluminium 

and silicon. 

Since, finish hot-rolling temperature (~ 890 oC) is similar for the three grades and is lower 

than Tnr, therefore deformation of the steel sheet within the austenitic region leads to formation 

of mixture of recrystallized austenite grains, elongated (pancaked) austenite grains and 

deformation bands [321]. Ti+ and Ti+Mn+ grades would have higher fraction of pancaked 

austenite microstructure i.e. un-recrystallized austenite matrix than base grade due to higher 
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value of Tnr. During phase transformation from austenite to ferrite, recrystallized austenite 

grain boundaries, grain boundaries surrounding pancaked austenite microstructure, 

deformation bands within grains etc. will form the nucleation sites for ferrite grains 

[318,319,321]. Higher fraction of elongated austenite grain microstructure (higher ratio of 

grain boundary surface area to grain volume) in Ti+ and Ti+Mn+ grades would lead to a finer 

ferrite grain microstructure as compared to the base grade because of the higher number of 

ferrite nucleation sites [318,321]. Ti+Mn+ grade contains higher Mn (~ 0.89 wt. %) than Ti+ 

grade (~ 0.35 wt. %) in solid solution.  Higher Mn solute drag effect in Ti+Mn+ grade could 

lead to higher fraction of un-recrystallized pancaked austenite microstructure than Ti+ grade 

[318]. Higher fraction of un-recrystallized pancaked austenite microstructure in Ti+Mn+ 

grade would result in finer (average grain size ~ 5 µm) ferrite grain microstructure as 

compared to Ti+ grade (average grain size ~ 7 µm). 

6.1.3. Recrystallization and precipitation behaviour of the muffle furnace annealed base, 

Ti+ and Ti+Mn+ steel grades 

Recrystallization kinetics of the base grade is higher than the Ti+ and Ti+Mn+ grades during 

sub-critical annealing. For the 800 oC 0 s annealing condition, base, Ti+ and Ti+Mn+ grades 

have shown significant difference in recrystallization behaviour. Base is almost fully 

recrystallized with average recrystallization (%) measured by LAM method being ~ 99 %. 

While, recrystallization (%) of the Ti+Mn+ (recrystallization (%) by LAM method ~ 8 %) is 

less than the Ti+ grade (recrystallization (%) by LAM method ~ 19 %) with only limited 

nucleation around HAGB. With an increase in dwell time to 2 min and longer for annealing 

temperature of 800 oC, recrystallization behaviour of the Ti+ and Ti+Mn+ grades is similar. 

Therefore, it is important to discuss in detail similarities and differences in recrystallization 

and precipitation behaviour of base and Ti+ grades, and also additional Mn effect on 

recrystallization and precipitation behaviour of the Ti+Mn+ grade for different annealing 

conditions. 

6.1.3.1 Recrystallization and precipitation behaviour of the base and Ti+ grades 

Recrystallization and precipitation take place simultaneously and interact with each other in a 

complex form during annealing of microalloyed steel. On the other hand, precipitates interfere 

with dislocation and grain boundary movement and affect recovery and recrystallization 

kinetics. On the other hand,  dislocations present in cold-rolled deformed and annealed ferrite 

microstructure affect precipitation process [204]. Radius and volume fraction of precipitates 

are experimentally (from STEM-EDS maps) and numerically (from MatCalc simulation) 

determined and compared with each other for the base and Ti+ grades as shown in Fig. 6.1-2. 

Parameters used for simulation of precipitation size and volume fraction are shown in Table 

6.1-1. For simulation, a start temperature of 600 oC is set and is gradually increased to 800 oC 
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with increase over time (heating rate ~ 10 oC/s). Experimentally defined annealing conditions 

of 700 oC 0 s, 800 oC 0 s, 800 oC 2 min and 800 oC 5 min are equivalent to simulation time of 

13 s, 25 s, 145 s and 325 s respectively.  

Table 6.1-1 Parameters for MatCalc simulation of precipitate size and volume fraction 

Type of 

precipitates 
Diffusivity in ferrite (m2s-1) 

Interfacial 

energy 

Dislocation 

density in 

ferrite (m-2) 

Critical 

energy for 

nucleation 

on 

dislocations 

VC 
𝐷𝑉

𝛼 = 3.05 × 10−4exp (−
239000

𝑅𝑇
) 

[322] 
0.445 [323] 1.05x1015 0.01 [324] 

TiC 
𝐷𝑇𝑖

𝛼 = 3.15 × 10−4exp (−
248000

𝑅𝑇
) 

[325] 
0.425 [323] 0.97x1015 0.01 [324] 

 

Experimental and numerical results of precipitate size and volume fraction are similar to each 

other for the annealing conditions of 800 oC 0 s, 800 oC 2 min and 800 oC 5 min as shown in 

Fig. 6.1-2a and 6.1-2b. For the annealing condition of 700 oC 0 s, experimental precipitate 

volume is higher than numerical predictions. For 700 oC 0 s, precipitates are very fine and 

closely spaced between each other along subgrain and grain boundaries. Quantification of 

precipitate size and volume fraction using ImageJ software may not be accurate and could 

result in different experimental and numerical observations. 

MatCalc simulation estimates critical radius of nucleation of precipitates in the Ti+ grade 

approximately 0.22 nm smaller than 4.2 nm in the base grade. Driving force for the formation 

of TiC particle is much higher than for VC because of the lower solubility of Ti in ferrite 

matrix than that of V [58]. The higher driving force for nucleation promotes finer critical 

radius of nucleation of precipitates [324,326,327]. Driven by the above higher force, the 

simulated precipitation kinetics is much faster in the Ti+ grade than in the base grade. For 

example, the precipitated volume fraction after 30 s annealing of Ti+ grade is about 0.15 %, 

which is much higher than the value (nearly zero or negligible) for the base grade. The faster 

precipitation kinetics in the Ti+ grade than in the base grade has a dramatic effect on the 

recrystallization kinetics in these two grades, as will be discussed next. 

With increase in dwell time above 2 min at annealing temperature of 800 oC, precipitate 

coarsening occurs in the simulated radius curve of VC (base grade) due to diffusion of solute 
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atoms from the ferrite matrix [326]. Precipitate coarsening involves growth of larger 

precipitates at the expense of smaller precipitates. However, the coarsening of TiVC (Ti+ 

grade) occurs at much later stage of annealing, i.e., after 1000 s (~ 15 min) annealing. 

Therefore, precipitate coarsening is easier to occur in the base than in the Ti+ grade during 

annealing at 800 oC as shown in Fig. 6.1-2. The above difference in the coarsening behaviour 

is mainly due to the different composition of precipitates in these two grades. For the base 

grade, the precipitates are pure vanadium carbide (VC), but they are complex titanium 

vanadium carbide in the form of TiyV1-yC (average composition: y ≈ 0.4) for the Ti+ grade. 

The above different coarsening behaviour also has a significant effect on recrystallization 

kinetics in these two grades [326].  

Precipitate size and volume fraction are used in equation 6.1-2 to evaluate Zener pinning force 

for different annealing conditions: 

                                                                   ∆𝐺𝑝𝑖𝑛 =
3

2
∗ 𝜎 ∗ 𝑉𝑚 ∗

𝑓

𝑟
                                  (6.1-2) 

Where, f and r are numerical values of precipitate volume fraction and radius, and σ is 

interfacial energy of precipitates-ferrite matrix, and Vm is molar volume. Fig. 6.1-3 shows 

numerical values of precipitate pinning force as a function of annealing time and 

corresponding ND-IPF EBSD maps of the base and Ti+ grades for the annealing condition of 

800 oC 0 s, 800 oC 5 min, 800 oC 15 min and 800 oC 1 hr. 

For 800 oC 0 s, precipitation pinning force in the Ti+ grade of approximately 1 J/mol is higher 

than in the base grade which is 0.06 J/mol as shown in Fig. 6.1-3. At this annealing time, the 

measured recrystallized fraction is about 100 % and 19 % in the base and Ti+ (Fig 5.5-2) 

respectively. Comparing the above precipitation and recrystallization behaviour in these two 

grades, it’s shown that the precipitation is faster than the recrystallization in the Ti+ grade, 

whilst the opposite situation happened in the base grade, i.e., the precipitation is much slower 

than the recrystallization. Once a lot of fine precipitates form in the Ti+ grade, the precipitation 

pinning force is effective in retarding recrystallization process in the Ti+ grade for the 

annealing condition of 800 oC 0 s. In the case of the base grade, not much precipitates form 

under this annealing condition and recrystallization almost completes. Therefore, precipitation 

has negligible effect in retarding the recrystallization process in base grade. With an increase 

of dwell time to 2 min and to 5 min at 800 oC, recrystallization and precipitation occur 

concurrently in the Ti+ grade. The precipitation pinning force (about 1.75 Jmol-1) can certainly 

be higher than the driving force for at least some grains belonging to alpha fibre. This means 

that the recrystallization of those alpha grains is prevented temporally by the precipitates. Thus 

the presence of lower stored energy alpha fibre grains lead to a sluggish recrystallization 

process in the Ti+ grade. 
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With an increase in dwell time to 15 min and longer at 800 oC, precipitate pinning force 

decreases (Fig. 6.1-3) in both base and Ti+ grades because of precipitate coarsening. When 

the pinning force decreases lower than the driving force for recrystallization in the Ti+ grade, 

the recrystallization of those alpha grains with low stored energy can resume. For the base 

grade, because recrystallization almost completes when the annealing temperature reaches 800 

oC, the grain growth behaviour is affected by the precipitation coarsening in this grade. Some 

grains with much larger size than others can be observed for 1 and 2 hours annealing at 800 

oC, as shown in Fig 5.4-1g and h. 

 

Fig. 6.1-2 Variation of experimentally evaluated (solid dot) and numerically evaluated, radius 

of precipitate (top) and precipitate volume fraction (%) (bottom) with increase in annealing 

time of the base (a) and the Ti+ (b) grades of steel. Annealing conditions: 700 oC 0 s, 800 oC 

0 s, 800 oC 2 min and 800 oC 5 min correspond numerically to time: 13 s, 25 s, 145 s and 325 

s respectively 
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Fig. 6.1-3 Variation of numerically evaluated Zener pining force with increase in annealing 

time of the base and Ti+ grades of steel (a), ND-IPF maps of base (b) and Ti+ (c) grades for 

annealing condition of 800 oC 0 s, 800 oC 5 min, 800 oC 15 min and 800 oC 1 hr . Annealing 

conditions: 800 oC 0 s, 800 oC 5 min, 800 oC 15 min and 800 oC 1 hr correspond numerically 

to time: 25 s, 325 s, 925 s and 3625 s respectively 

The experimental value of Zener pinning force is evaluated for the base and Ti+ grades 

annealed at 800 oC 0 s condition for three different cases as explained below. For all the three 

cases, the experimental value of precipitate size and volume fraction are calculated after post-

processing of STEM-EDS maps in ImageJ software. The pinning force is calculated for 

precipitate size range of 5 nm to 25 nm for a bin width of 5 nm. 

First case: Average volume fraction (f) for each bin width is calculated to evaluate 

corresponding Zener pinning force (Fig. 6.1-4a). 

Second case: Zener pinning force evaluated in first case is presented in a cumulative form (Fig. 

6.1-4b). 

Third case: To estimate maximum pinning force for each bin width, average volume fraction 

of precipitates of each bin width is assumed equal to average volume fraction of precipitates 

of complete precipitate data set. For each bin width, maximum precipitate pinning force is 

calculated and plotted in Fig. 6.1-4c. In the same plot, the pinning force is calculated for 

precipitate size range of 5 nm to 25 nm for constant precipitate volume fraction equal to 

equilibrium value. ThermoCalc and TCFE7 database predicts equilibrium precipitate volume 

fraction of 0.0019 and 0.0033 in the base and Ti+ grades respectively. The third case of 

maximum precipitate pinning force calculation can be correlated to a practical scenario of a 

cluster of high volume fraction of fine precipitates pinned along a dislocation or GB. 
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For each different case, the Zener pinning force in the Ti+ grade is higher than in the base 

grade. The Ti+ grade contains Ti and V as precipitating elements, while the base grade 

contains only V as a precipitating element. Moreover, solubility of Ti is lower than V in ferrite 

matrix. During annealing at 800 oC 0 s, a higher amount of (Ti,V)(C/N) precipitates out which 

results in higher precipitation pinning force in the Ti+ grade than in the base grade. From ND-

IPF EBSD and STEM-EDS chemical maps it is observed that recrystallization and 

precipitation occur simultaneously in the base and Ti+ grades. For the base grade, precipitation 

is not significant enough to slow down recrystallization at 800 oC. While for the Ti+ grade, 

precipitation is significant enough to interfere with the grain boundary motion and result in 

sluggish recrystallization kinetics [96,109,205]. 

 

Fig. 6.1-4 Experimental value of Zener pinning force in the base and Ti+ grades for three 

different cases. Three different cases are explained in the above paragraph 

6.1.3.2. Recrystallization and precipitation behaviour of the Ti+Mn+ grade 

Ti+Mn+ grade has lower recrystallization (%) than the Ti+ grade at the annealing condition 

of 800 oC 0 s. For longer dwell times (> 0 s) at the annealing temperature of 800 oC, 

recrystallization behaviour of the Ti+ and Ti+Mn+ grades are similar. There is a difference in 

concentration of Mn solute atoms in the Ti+ grade (0.35 wt %) and the Ti+Mn+ grade (0.89 

wt %). The cold-rolled texture contains strong alpha and gamma fibres with maximum 
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orientation density peak around {001}<110> alpha fibre grain in the Ti+Mn+ grade and 

around {112}<110> alpha fibre grain in the Ti+ grade (refer Fig. 5.7-1b, 5.7-1c and 5.7-2 in 

results chapter). It is well known that Mn solute atoms retard recrystallization kinetics by 

solute drag mechanism during annealing, when Mn solute atoms segregate along GB and exert 

solute drag force against its motion during annealing [153,188,189,243–246]. Higher amount 

of Mn solute atoms causes higher solute drag effect against dislocation and GB motion and 

could result in delay in nucleation for recrystallization in Ti+Mn+ grade for the annealing 

condition of 800 oC 0 s as compared to Ti+ grade. Fig. 6.1-5 shows a FIB-lift out STEM-EDS 

map of Mn segregation along microstructural defect in the Ti+Mn+ grade treated under the 

annealing condition of 800 oC 0 s. 

 

Fig. 6.1-5 STEM bright field (BF) (a), high-angle annular dark-field (HAADF) (b) images and 

EDS chemical map of Mn (c) of the Ti+Mn+ grade of steel annealed under the 800 oC 0 s 

condition 

Ushioda et al. [188] have studied the role of Mn in delaying recovery during annealing, where 

dissolved C from cementite combines with Mn to form Mn-C complex. Mn-C complex or 

Mn-C dipole is formed by interaction (attractive) between Mn substitutional atoms and C 

interstitial atoms [328–331]. Interaction between the Mn substitutional atom and C interstitial 

atom is originated from the elastic-strain field around Mn substitutional atom in BCC Fe lattice 

[331,332]. Mn-C complex interferes with dislocation movement during recovery and leads to 

a delay in incubation time for recrystallization, i.e. nucleation of recrystallization is delayed. 

Moreover from the literature [120,305] it is known that {001}<110> grains of alpha fibre have 

lower stored energy than {112}<110> grains of alpha fibre. Therefore, the difference in 

maximum peak of texture intensity in cold-rolled state could also result in slower 

recrystallization kinetics of the Ti+Mn+ grade than the Ti+ grade for the annealing condition 

of 800 oC 0 s. 

To understand in detail the significance of the solute drag, solute drag (SD) of Mn and intrinsic 

boundary friction (IBF) [182] are plotted against the boundary velocity of the Ti+ and Ti+Mn+ 

grades as shown in Fig. 6.1-6. Solute drag force (∆𝐺𝑠𝑑) and intrinsic boundary friction force 

(∆𝐺𝐼𝐵𝐹) are calculated using equations as shown below: 

                                                                  ∆𝐺𝑠𝑑 =
𝐶𝑜∗𝛼∗𝑣

1+𝛽2∗𝑣2                                               (6.1-3) 
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                                                      𝛼 =
𝑁𝑣∗(𝑘∗𝑇)2∗𝛿

𝐸𝑜∗𝑋
∗ (sinh (

𝐸𝑜

𝑘∗𝑇
) − (

𝐸𝑜

𝑘∗𝑇
))                      (6.1-4) 

                                                                  𝛽2 =
𝛼∗𝑘∗𝑇∗𝛿

2∗𝑁𝑣∗𝐸𝑜
2∗𝑋

                                               (6.1-5) 

                                                                   ∆𝐺𝐼𝐵𝐹 =
𝑣

𝑀𝑖
                                                     (6.1-6) 

                                                              𝑀𝑖 =
2.63

𝑇
∗ 𝑒(

−20754

𝑇
)
                                            (6.1-7) 

Where, 𝐶𝑜 is concentration of Mn solute atoms (0.0015 for the Ti+ grade and 0.0039 for the 

Ti+Mn+ grade), 𝑁𝑣 is molar volume (value of 7x10-6 m3/mol), 𝑘 is Boltzmann constant (value 

of 1.38x10-23 m2kgs-2K-1), 𝑇 is temperature (value of 1073 K), 𝛿 is grain boundary thickness 

(value of 5x10-10 m, assumed two times of Burgers vector of Fe lattice), 𝐸𝑜 is grain boundary 

interaction energy with atoms (value of 1.7608x10-20 J/atoms), 𝑋 is bulk diffusion constant 

(value of 0.000076*exp(-224400/R*T) m2/s), 𝑣 is grain boundary velocity, and 𝑀𝑖 is intrinsic 

grain boundary mobility [46,58,112,182,203,325,333]. Detailed calculations of solute drag 

and intrinsic boundary friction can be found in the section 9.2 of supplementary information 

chapter.  

 

Fig. 6.1-6 Variation of effective drag i.e. combined solute drag (SD) and intrinsic boundary 

friction (IBF) with increase in grain boundary velocity during annealing for the Ti+ and 

Ti+Mn+ grades of steel  

Effective drag (∆𝐺𝑠𝑑+∆𝐺𝐼𝐵𝐹) by Mn solute atoms is higher in the Ti+Mn+ grade than the Ti+ 

grade due to higher amount of Mn solutes. The recrystallization behaviour of both grades is 
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sluggish, therefore the velocity of grain boundary is considerably low (< 0.5 μm/s, see below 

for this estimation of growth speed). For the annealing condition of 800 oC 0 s, velocity of 

grain boundary is estimated using first order approximation as explained below [96]. 

Nucleation for recrystallization starts at 700 oC 0 s in the Ti+ and Ti+Mn+ grades. The time 

to achieve the annealing temperature of 800 oC is ~ 15 s (recorded by data logger during bulk 

annealing experiment). Average grain size at 800 oC 0 s of the Ti+ and Ti+Mn+ grades is 3.4 

μm and 2.65 μm respectively. From first order approximation value of average grain boundary 

velocity (average grain size/time) of the Ti+ and Ti+Mn+ grades is ~ 0.23 μm/s and ~ 0.18 

μm/s respectively. For longer dwell time (> 0 s), average grain boundary velocity would be 

lower than the previous value. From Mn solute drag versus boundary velocity plot in Fig. 6.1-

6 it could be observed that drag effect of Mn solute on boundary mobility for longer dwell 

time (> 0 s) is not significant in Ti+ and Ti+Mn+ grades and explains similar recrystallization 

behaviour for both grades. 

Mn also affects precipitation kinetics in the austenite phase. It’s proposed that higher amount 

of Mn solutes increases the solubility of TiC precipitate in austenite phase [185,186] and 

delays precipitation kinetics. The effect of Mn solute content on precipitation kinetics in 

austenite phase is well known [58,144,182–186], however there is not significant data 

published on Mn solute content effect on the precipitate solubility in the ferrite phase. The 

equilibrium precipitate volume fraction is plotted for the three grades for equilibrium state as 

shown in Fig. 6.1-7. There is negligible effect of Mn solute content on precipitation 

thermodyanmics in ferrite phase of the Ti+ and Ti+Mn+ steel grades, when temperature is 

lower than 750 oC. Mn can indirectly influence precipitation kinetics by segregating along 

dislocations and interfere with precipitation process in ferrite [182,188]. The role of Mn on 

precipitation kinetics in ferrite and interaction with C to form Mn-C complex requires better 

high-resolution experimental study utilising for example site specific APT investigations of 

Mn and C segregation in ferrite matrix and interaction of Mn solute atoms and precipitates 

along dislocations and grain boundaries. 
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Fig. 6.1-7 Variation of volume fraction of precipitates with increase in temperature 500 oC to 

1000 oC for the base, Ti+ and Ti+Mn+ grades of steel in equilibrium condition evaluated from 

ThermoCalc using TCFE9 database 

6.1.4. Effect of different hot-rolled grain sizes on the recrystallization kinetics 

Fine grain microstructures are expected to have higher recrystallization kinetics than coarse 

grain microstructures due to the higher number of statistically needed grain boundary 

nucleation sites per unit area for recrystallized grains and higher stored energy for further 

growth of recrystallized grains during annealing of cold-deformed samples [96]. In the hot-

rolled state, the average grain size of steel grades is in the order of base (10 µm) > Ti+ (7 µm) 

> Ti+Mn+ (5 µm). Therefore, recrystallization kinetics should be highest in Ti+Mn+ grade 

and least in base grade in the absence of Ti-V precipitate pinning and Mn solute drag effect. 

From the results presented in this thesis, it could be observed that initiation and completion of 

recrystallization takes place earlier in the base grade as compared to Ti+ and Ti+Mn+ grades 

for annealing temperature of 800 oC. Effect of difference in initial grain size on the rate of 

progress of recrystallization is negligible. Average grain size difference between base and Ti+ 

grades (~ 3 µm) and Ti+ and Ti+Mn+ grades (~ 2 µm) are not significant as compared to 

available literature [44,220,229,237], where large difference in grain sizes (for example 

difference in average grain size of 35 µm [44], 72 µm [229] and greater than 200 µm [237]) 

have significant influence in the difference in recrystallization kinetics among different 

samples. 

Sub-grain and grain boundaries not only form the favourable site for nucleation of 

recrystallized grains but also for precipitates to nucleate and grow [58]. Smaller average grain 
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size in hot-rolled Ti+ grade than hot-rolled base grade favours higher volume fraction of fine 

precipitates than base grade (Fig. 6.1-2) to nucleate along sub-grain and grain boundaries and 

resist their motion during annealing of cold-rolled steel samples. Combination of higher 

number of nucleation sites per unit area for precipitates and presence of Ti along with V 

microalloying precipitate elements in Ti+ and Ti+Mn+ grades lead to sluggish 

recrystallization kinetics. 

Ti+ and Ti+Mn+ hot-rolled steel grades have similar average grain size ~ 7 µm and ~ 5 µm 

respectively. Additional Mn in Ti+Mn+ grade (0.89 wt. %) could lead to higher fraction of 

un-recrystallized pancaked austenite microstructure via solute drag than Ti+ grade and result 

in relatively finer ferrite grain size microstructure in hot-rolled state. During sub-critical 

annealing, recrystallization behaviour of Ti+ and Ti+Mn+ grades are very similar as discussed 

in sub-section 6.1.3.2 and therefore leads to similar average recrystallized ferrite grain size 

(Fig. 5.4-7) [219]. 

6.1.5. Evaluation of recrystallization fraction 

Recrystallization fraction is evaluated using three different methods: LAM, aspect ratio and 

HV/1; all three methods show similar trends of increase for each grade. Values of 

recrystallized fraction obtained by the three methods for different annealing conditions are 

more or less in the order of LAM method > HV/1 > Aspect ratio. Matrix with LAM value of 

less than 1o is considered as recrystallized and greater than 1o is considered as un-recrystallized 

[35,96,251]. The LAM method does not take into account grain shape or size. Hardness of 

material depends upon dislocation density, therefore fractional change in hardness values is 

utilised to evaluate recrystallization fraction [249]. On the other hand, the aspect ratio method 

depends on the grain shape, where the aspect ratio of a deformed elongated grain present in 

partially recrystallized sample is usually greater than 3, while the aspect ratio of a spherical 

shaped grain formed during grain growth stage is ~ 1. Therefore, the aspect ratio of a 

recrystallized grain is in between 1 to 3. For this study a tolerance value of the aspect ratio of 

2.6 is set to distinguish recrystallized and un-recrystallized grains [295]. For recrystallization 

fraction evaluation, grains with aspect ratio lower than 2.6 are selected to designate the area 

fraction of recrystallized ferrite matrix. LAM, HV/1 and aspect ratio methods show similar 

trends in increment of recrystallization (%) of the base, Ti+ and Ti+Mn+ grades and 

quantitatively explains the highest recrystallization kinetics of the base grade during annealing. 

6.1.6. Development of texture of furnace annealed samples 

During cold-rolling, grains in polycrystals undergo rotation from less stable orientations 

towards more stable orientations to form texture [334,335]. The cold rolling texture of the 

investigated chemical compositions of the base and Ti+ grades mainly consists of alpha and 
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gamma fibres with the ODF density peaks at around {112}〈110〉 and {111}〈110〉. This texture 

is very similar to the typical cold rolling texture observed in body centred cubic metals. 

However, for the Ti+Mn+ grade, maximum peak of alpha fibre is found to be around 

{001}<110> grain orientation as shown in Fig. 6.1-8. 

In Toroghinezhad et al. [315], dynamic strain aging and strain rate sensitivity were mentioned 

to explain Mn effect on warm rolling texture formation in low-carbon steel. It was mentioned 

that Mn, C and Cr form complex immobile atoms and retard the slip behaviour of dislocations 

on slip systems, causing the deformation to be more heterogeneous and increasing amount of 

shear bands. But Toroghinezhad et al. [315] observed that with increase in Mn, shear band 

intensity was reduced which is contrary to C, Cr and B and orientation density around 

{001}<110> grains was dominant in the deformed microstructure. The effect of Mn solute 

content on strength of orientation density around {001}<110> grain for room temperature 

cold-rolled deformation of steel has not been understood in detail.  

 

Fig. 6.1-8 Variation in orientation density of alpha fibre grains with increase in Φ from 0o to 

90o for constant φ2 = 45o for the cold-rolled low-carbon microalloyed steel of base, Ti+ and 

Ti+Mn+ grades 

For the annealing temperature of 800 °C and dwell time of 0 s and longer, preferential 

nucleation of high stored energy gamma fibre grains is the favoured subgrain growth 

mechanism [224], which could be the possible reason for the strengthening of gamma fibre in 

recrystallized region of the Ti+ and Ti+Mn+ grades as shown in Fig. 5.7-1b and 5.7-1c 

respectively. Similarly, in the case of alpha fibre grains, preferential nucleation takes place 

first in higher stored energy grains, {111}〈110〉 [216] and thus allows further growth in the 
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competitive process of annealing [216,336]. Another reason for the slower recrystallization 

kinetics of alpha fibre grains is related to the lattice curvature. Regions of sharp lattice 

curvature facilitates nucleation for recrystallization due to higher misorientations (> 15°). In 

cold-rolled low-carbon steel, alpha fibre grains lack the sharp lattice curvature as compared to 

gamma fibre grains and therefore form much less potential sites for nucleation during 

annealing [337,338]. The above competition between different alpha fibre grains results in a 

drop in area fraction of {112}〈110〉 and {001}〈110〉 grains from ~ 27 % and ~ 11.8 % in the 

cold-rolled state to ~ 7.5 % and ~ 1.4 % in the annealed state for 800 °C 0 s and to ~ 10 % and 

~ 3.9 % in the annealed state for 800 °C 2 min in the Ti+ grade respectively. Another possible 

reason for the decrease of the area fraction of {001}<110> grains in the recrystallized matrix 

for annealing at 800 oC could be the formation of {111}<121> grains from one of the slip 

systems, {121}<111> of {001}<110> grains as was explained by Lee in his edge dislocation 

alignment model during annealing [339]. 

2D ODF map is plotted for Ti+Mn+ grade annealed at 800 oC 2 hrs as shown in Fig. 6.1-9. 2D 

ODF map represents strong gamma fibre with negligible alpha fibre intensity which is in 

contrast to 2D ODF map (Fig. 5.7-1c) shown previously in section 5.7 of results chapter. 

Texture information obtained from XRD and EBSD are also different for the base grade 

annealed at 800 oC 2 hrs. Due to significant grain growth, a lower amount of grains than 

required at least 1000 is present in the EBSD scans at low magnification of x200 to x500 of 

base grade annealed at 800 oC 2 hrs, which unfortunately does not provide statistically 

significant texture information. However, cold-rolled texture results obtained from EBSD and 

XRD are similar to each other for the base, Ti+ and Ti+Mn+ steel grades. 

 

Fig. 6.1-9 ODF on the section φ2=45° texture map of the Ti+ grade steel annealed at the 800 

°C 2 hrs condition 

Texture results obtained from EBSD map for cold-rolled condition and intermediate stages of 

recrystallization are reliable and close to bulk texture information obtained from XRD. For 
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grain growth stage (annealing condition of 800 oC 2 hrs), texture information obtained from 

XRD is more reliable than EBSD method. XRD method process higher volume fraction of 

grains to evaluate average texture information of the sample [340]. 

Development of gamma texture is stronger in the Ti+ and Ti+Mn+ grades than in the base 

grade during annealing. Ti and V microalloying elements decrease the content of interstitial 

elements (C and N) in solid solution state and minimises the chance of weak gamma texture 

in annealed steel [216]. Mn also affects recrystallized texture development in steels. Hu and 

Goodman [189] investigated the effect of Mn content on {111} texture development during 

annealing. With an increase in wt. % of Mn from 0.05 % to 0.56 % in low carbon steel, 

intensity of {111} texture deceases. Mn in solid solution state could delay recrystallization 

process of gamma fibre grains by solute drag [189] and give preferential advantage to lower 

stored energy grains of alpha fibre to nucleate and grow to recrystallized grains [216]. In this 

study, the intensity of gamma fibre is similar for fully recrystallized samples of the Ti+ and 

Ti+Mn+ grades for the annealing condition of 800 oC 2 hrs. Additional Mn content in the 

Ti+Mn+ grade does not have detrimental effect on gamma fibre development because of 

negligible solute drag effect on recrystallization as explained above in the sub-section 6.1.3.2. 

6.2 Mechanical properties 

6.2.1. Correlation between variation of nanoindentation hardness and GND density of 

muffle furnace annealed samples 

Progress in recrystallization is accompanied with decrease in dislocation density [108]. In 

general, hardness is the contribution from solid solution strengthening of ferrite matrix, 

precipitation strengthening, dislocation strengthening and grain size strengthening. Change in 

hardness and dislocation density of the un-recrystallized ferrite matrix can be used to 

understand softening behaviour or recrystallization kinetics [35,250] among base, Ti+ and 

Ti+Mn+ grades during sub-critical annealing. From the average GND density and average 

nanoindentation hardness plots (Fig. 5.9-2 and 5.9-3), it could be observed that variation in 

nanoindentation hardness and average GND density values are in correlation with each other 

and explain the softening behaviour among different grades of steel for cold-rolled and 

annealed conditions of 700 oC 0 s, 800 oC 0 s and 800 oC 2 min. The drop in average GND 

density and average nanoindentation hardness of un-recrystallized ferrite matrix is highest in 

the base grade for different annealing conditions. Therefore, the trend in change in average 

nanoindentation hardness and average GND density confirms fastest softening rate of base 

grade as compared to other two grades, Ti+ and Ti+Mn+ for different conditions. 
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6.2.2. Combined strength evaluation for the base, Ti+ and Ti+Mn+ grades for the 

annealing condition of 800 oC 2 min 

Strength and elongation properties of partially recrystallized steel is in between low strength 

- high elongation of fully recrystallized steel and high strength - low elongation cold-rolled 

steel [341]. Since the industrial annealing cycle is designed with the aim to reduce the cost of 

heating to its minimum, therefore the dwell time of the annealing cycle is generally preferred 

from 0 s to 2 min at the target temperature of ~ 800 oC. For the studied annealing condition of 

800 oC 0 s, average elongation (%) of the Ti+ (3.5 %) and Ti+Mn+ (2 %) grades is low and is 

similar to the cold-rolled condition. For a longer dwell time of 2 min at 800 oC, average yield 

strength (R0.2) and elongation (%) of the Ti+ grade are 560 MPa and 9 % respectively and of 

the Ti+Mn+ grade are 598 MPa and 7 % respectively. 

In this context, strengthening contribution from dislocation density, grain size, inherent ferrite 

matrix, precipitate and solid solution of the base, Ti+ and Ti+Mn+ grades is evaluated for the 

annealing condition of 800 oC 2 min. The empirical relation to evaluate combined strength 

comprising of solid solution strength, inherent strength of matrix and grain refinement strength 

of ferritic microalloyed steel is given by Pickering et al. [342,343] (Equation 6.2-1): 

            𝜎𝑦(MPa) = 15.4(3.5 + 2.1[%Mn] + 5.4[%Si] + 23[%N] + 1.13𝑑−0.5)         (6.2-1) 

Where[%Mn], [%Si] and [%N] are the weight (%) of manganese, silicon and nitrogen in 

ferrite solution respectively and 𝑑 is the average ferrite grain size in mm. For this study, free 

carbon and nitrogen are assumed to be negligible in the solid solution and are taken in 

combination with titanium and vanadium as carbides and nitrides for the annealing condition 

of 800 oC 2 min. 

Average GND density is used in the equation 6.2-2 to evaluate dislocation density strength 

[89,102]: 

                                                       𝜎𝑑 =  𝛼𝑀µ𝑏𝜌0.5                                                        (6.2-2) 

Where 𝛼 is a constant, 𝑀 is average Taylor factor, µ is shear modulus, 𝑏 is magnitude of the 

Burger’s vector and 𝜌 is dislocation density. Typical values for Fe (𝛼 ~ 0.3, 𝑀 ~ 3, µ ~ 75 

GPa and 𝑏 ~ 0.25 nm) are used in equation 6.2-2. Average GND density of the base, Ti+ and 

Ti+Mn+ grades are ~1.00E+13 m-2, 1.05E+14 m-2 and 1.15E+14 m-2 respectively. The detailed 

information on noise and GND density calculations are mentioned in section 9.1 of the 

supplementary information chapter. 

Precipitation strengthening is evaluated using Ashby-Orowan equation [58]: 

                                                     𝜎𝑝 =  10.8
√𝑓

𝑑
ln

𝑑

6.125𝑥10−4                                          (6.2-3) 
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Where 𝑓 and 𝑑 are average volume fraction and size of precipitate. Average precipitate size 

used in equation 6.2-3 is given in section 5.8 of results chapter. Average volume fraction of 

precipitates of the base, Ti+ and Ti+Mn+ grades for the annealing condition of 800 oC 2 min 

are ~ 0.002, ~ 0.003 and ~ 0.002 respectively. Solid solution strength, inherent strength of 

matrix, grain refinement strength, dislocation density strength and precipitation strength are 

added together to evaluate effective yield strength and compared with yield strength (R0.2) 

from the tensile test of different grades as shown in Fig. 6.2-1.  

  

Fig. 6.2-1 Effective yield strength (combination of inherent, solid solution, grain size, 

dislocation, precipitation strength) and yield strength from the tensile test for the base, Ti+ 

and Ti+Mn+ grades of steel for the annealing condition of 800 oC 2 min 

Grain size strengthening is dominant for the base, Ti+ and Ti+Mn+ grades of steel. High 

dislocation density (~ 1014 m-2) in un-recrystallized ferrite matrix and fine precipitates lead to 

higher yield strength (200 MPa to 250 MPa) of the Ti+ and Ti+Mn+ grades than the base 

grade. Effective yield strength is about 16 % to 20 % higher than yield strength from the tensile 

test as shown in Fig. 6.2-1. For the grain size strengthening calculation, average recrystallized 

grain size is used in equation 6.2-1. Partially recrystallized matrix is a mixture of un-

recrystallized elongated grains and quasi-polygonal recrystallized grains. It is assumed that 

average grain size of the partially recrystallized sample is equal to average recrystallized grain 

size [344] and could result in overestimation of grain size strengthening contribution. Higher 

contribution from grain size strengthening could further result in higher effective yield 

strength value than yield strength from the tensile test. 

Precipitation strength in the base grade is lower than the other two grades for the annealing 

condition of 800 oC 2 min. Coarser average precipitate size and lower average volume fraction 

of V(C/N) in the base grade (~ 20 nm and 0.002) than (Ti/V)(C/N) in the Ti+ grade (~ 14 nm 
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and 0.003) lead to lower precipitation strengthening in the base grade (Fig. 6.2-2). Similarly, 

a high volume fraction of very fine precipitates (~ 3 nm) in the hot-rolled commercial steel 

products of Tata Steel Europe, XPF 800 and XPF 1000 [10] and JFE Steel Corporations, 

NANOHITEN [283] lead to high precipitation strength of 400 MPa to 500 MPa. During phase 

transformation from austenite to ferrite, precipitates nucleate along dislocations, 

subgrain/grain boundaries and at the austenite to ferrite moving interphase [46]. By controlling 

the coiling temperature and sample chemistry, very fine (~ 5 nm) rows of interphase 

precipitates are developed to provide high precipitation strengthening [10,21]. During sub-

critical annealing of cold-rolled low-carbon microalloyed steel, precipitates nucleate along 

dislocations and subgrain/grain boundaries. Controlling the dwell time of sub-critical 

annealing cycle to simultaneously obtain fine recrystallized grain and fine precipitates is 

challenging. Annealing time required to achieve fine fully recrystallized grains distribution in 

cold-rolled annealed steel can lead to precipitate coarsening and dislocation annihilation [31]. 

Coarse precipitates and low dislocation density in ferrite matrix result in low strength of steel. 

 

Fig. 6.2-2 Variation of precipitation strengthening with increase in precipitate size from 0 nm 

to 50 nm for cold-rolled annealed at 800 oC 2 min products, base and Ti+ grades of steel and 

Tata Steel’s commercial hot-rolled products, XPF 800 and XPF 1000 grades of steel [10]. 

Notation ‘f’ stands for volume fraction of precipitates 

6.2.3. Strength and ductility of the bulk annealed samples for different Tata Steel 

industrial designed cycles: A, B and C  

Strength and ductility of the base, Ti+ and Ti+Mn+ grades are compared with DP and CP steel 

grades. Larger sized samples of the base, Ti+ and Ti+Mn+ grades are annealed for industrial 
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defined cycles A, B and C (Fig. 6.2-3) in a Continuous Annealing Simulator (CASim) and 

tensile strength and elongation (%) properties are plotted in a diagram as shown in Fig. 6.2-4. 

Strength and elongation (%) of the Ti+ and Ti+Mn+ grades are similar to each other for the 

three different annealing cycles: A, B and C. The longer dwell time of 2 min for annealing 

cycle B leads to a decrease in tensile strength (in the range of 740 MPa to 780 MPa) and 

increase in elongation (in the range of 7 % to 10 %) of the Ti+ and Ti+Mn+ grades as shown 

in Fig. 6.2-4. Due to incomplete recrystallization and coarse precipitation in the Ti+ and 

Ti+Mn+ grades, ductility (< 10 %) is poor and could not achieve level of strength (> 900 MPa) 

and ductility (> 10 %) as that of DP and martensitic steel grades. 

 

Fig. 6.2-3 Tata Steel industrial annealing cycles, A, B and C (permission from Tata Steel 

Europe) 

Tensile strength and ductility of fully recrystallized cold-rolled continuously-annealed low-

carbon microalloyed steel for automotive BIW applications is in the range of 300 - 600 MPa 

and 15 – 30 % respectively [13,24,341,345]. In Japanese automobile sector [346], high 

strength steel sheets of tensile strength value of 220 - 500 MPa and elongation (%) value of 

30 – 50 % are used for outer panels, inner panels and other structural automotive body parts. 

High strength steel (TS > 600 MPa) sheet for automotive body applications such as for bumper 

reinforcement and door impact beam require moderate amount of ductility less than 20 % and 

10 % respectively [341,346]. 
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In general DP or martensitic [13] [347], or TWIP [348] or UHSS [349] steel grades are used 

for light-weighting automotive structures such as bumper or door impact beams which require 

high strength and moderate ductility properties. Recovered/partially recrystallized cold-rolled 

annealed steel with higher level of tensile strength (with slight decrease in cold-rolled strength) 

and moderate ductility properties are also used for automotive body parts which require high 

strength and small amount of formability [50,348–351]. Cold-rolled recovered annealed low-

carbon microalloyed steel SAE J2340 series, commonly known as 120XF (TS = 883 MPa and 

EL (%) = 12 %), 135XF (TS = 985 MPa and EL (%) = 7 %) and 140XF (TS = 1028 MPa and 

EL (%) = 5.6 %) are used for light-weighting BIW applications (example bumper brackets, 

supports and reinforcing beams) [350,351]. Cold-rolled continuously-annealed thin gauge (~ 

1 mm) Ti+ and Ti+Mn+ grades of high tensile strength (750 – 880 MPa) and moderate 

ductility (2 – 10 %) properties have the potential to be used in light-weighting automotive 

BIW applications where high strength and moderate ductility properties are required.  

 

Fig. 6.2-4 Plot of elongation (%) and tensile strength properties of the base, Ti+ and Ti+Mn+ 

steel grades annealed for industrially simulated cycles, A, B and C in Continuous Annealing 

Simulator (CASim) on a AHSS elongation (%) versus tensile strength diagram. AHSS 

elongation (%) versus tensile strength diagram is reproduced after Hall [49]) 

6.3. Hot stage quasi in-situ EBSD study of the Ti+ grade steel 

6.3.1. Role of alpha and gamma fibres during annealing 

Average stored energy of gamma fibre (18.43 J/mol) is higher than alpha fibre (11.88 J/mol) 

in cold-rolled Ti+ grade. LAM approach is used to evaluate stored energy as a function of 

GND density [89] [96]. 
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                                            ∆𝐺𝑆𝐸 = 0.5 ∗ ρ ∗ µ ∗ 𝑏2 ∗ 𝑉𝑚                                               (6.3-1) 

Where, 𝜌 is dislocation density, µ is shear modulus, b is Burgers vector and 𝑉𝑚  is molar 

volume. Average GND density is used in equation 6.3-1 for stored energy calculation. For 

cold-rolled Ti+ grade, average GND density of gamma and alpha fibres are 1.17E+15m-2 and 

7.57E+14 m-2 respectively. Calculation of GND density is mentioned in section 9.1 of 

supplementary chapter. Typical values for Fe (µ ~ 75 GPa, 𝑏 ~ 0.25 nm and 𝑉𝑚~ 7.1E-6 

m3/mol) are used in equation 6.3-1. 

Stored energy of alpha fibre grain orientations of cold-rolled (70 % reduction) low-carbon 

steel are calculated by Dillamore et al. [224] using TEM experiments and by Every and 

Hatherly [352] using X-ray Fourier analysis. Average stored energy of alpha fibre of cold-

rolled low-carbon steel is estimated from stored energy versus alpha fibre grain orientation 

plots (refer Fig. 5 [63]) after Dillamore et al. [224] and Every and Hatherly [352] presented in 

Hutchinson’s [63] research publication. Estimated average stored energy of alpha fibre of 

cold-rolled low-carbon steel is ~ 8.97 J/mol after Dillamore et al. [224] and ~ 8.55 J/mol after 

Every and Hatherly [352]. Average stored energy of alpha fibre evaluated by LAM approach 

as a function of GND density in this thesis is greater by 2 to 3 J/mol than estimated values 

after Dillamore et al. [224] and Every and Hatherly [352]. Stored energy evaluation by 

Dillamore et al. [224] approach considers only GNDs in subgrain boundaries and disregard 

stored energy contribution from dislocations present inside subgrains [89]. Stored energy 

evaluation by X-ray Fourier analysis performed by Every and Hatherly [352] consider only 

SSDs in their measurements [87]. Also, Betanda et al. [89] have shown that contribution of 

SSDs in stored energy evaluation of cold-rolled Fe-48% Ni steel is only ~ 8 % of total stored 

energy value. Since stored energy evaluation by LAM approach considers GNDs within 

subgrains and subgrain boundaries [89], therefore calculated average stored energy of alpha 

fibre of cold-rolled Ti+ grade by LAM approach is higher than estimated average stored 

energy values measured after Dillamore et al. [224] and Every and Hatherly [352]. 

Wauthier-Monnin et al. [87] have studied dislocation density evolution in different alpha and 

gamma fibre grain orientations with increase in cold-rolling strain (%) of low-carbon steel by 

XRD approach. Average dislocation density of alpha (4.42E+15 m-2) and gamma (5.31E+15 

m-2) fibres of cold-rolled (70 % deformed) low-carbon steel (Table 6.3-1) are estimated from 

the plot of dislocation density versus rolling strain (%) (refer Fig. 9 [87]) presented in 

Wauthier-Monnin et al. [87] research publication. Dislocation density measurements by XRD 

approach performed by Wauthier-Monnin et al. [87] consider both GND and SSD. Therefore, 

estimated average dislocation density of alpha (4.42E+15 m-2) and gamma (5.31E+15 m-2) 

fibres of cold-rolled low-carbon steel after Wauthier-Monnin et al. [87] is higher than 
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dislocation density of alpha (7.57E+14 m-2) and gamma (1.17E+15m-2) fibres of cold-rolled 

Ti+ grade measured by LAM approach [89]. 

In order to further understand the difference in evolution of average GND density in un-

recrystallized and recrystallized portions of alpha and gamma fibres and its role on the 

recrystallization mechanism under different annealing conditions, average GND density and 

recrystallization (%) are calculated and plotted for respective fibres [35]. Numerical values of 

average GND density of alpha and gamma fibres of Ti+ grade for cold-rolled and annealed 

conditions of 700 oC 0 s, 800 oC 0 s and 800 oC 2 min are also presented in Table 6.3-1. In Fig. 

6.3-1a it can be observed that the average GND density is higher in the un-recrystallized 

portion as compared to recrystallized region. For the annealing condition of 700 °C 0 s, the 

decrease in average GND density is higher in un-recrystallized gamma fibre texture 

(3.0E+14m−2)  compared to un-recrystallized alpha fibre texture (1.1E+14m−2). With a further 

increase in temperature to 800 °C and dwell time from 0 s to 2 min, average GND density 

decreases due to static recovery. The drop in average GND density is higher for un-

recrystallized gamma fibre grains (6.2E +14m−2 for 800 °C 0 s and 9.8E+14m−2 for 800 °C 2 

min) than for un-recrystallized alpha fibre grains (1.4E+14m−2 for 800 °C 0 s and 4.5E+14m−2 

for 800 °C 2 min). The smaller drop in the mean GND density of un-recrystallized alpha fibre 

from the cold-rolled state to annealed state at 700 °C 0 s, 800 °C 0 s and 800 °C 2 min in Fig. 

6.3-1a indicates that the extent of static recovery is negligible in this fibre. But the results of 

larger drop in mean GND density for un-recrystallized gamma fibre imply that static recovery 

is much faster and readily occurred even at annealing state 700 °C 0 s. For recrystallized grains 

of alpha and gamma fibre orientation, average GND density value is about 4.5E+13m−2, which 

is as expected considerably lower than for the un-recrystallized matrix. 

 

Fig. 6.3-1 Average GND density plot for cold-rolled alpha and gamma fibres and 

recrystallized and un-recrystallized matrix (grains) of alpha and gamma fibres at different 

annealing conditions (a). Fig. 6.3-1b shows recrystallization (%) of alpha and gamma matrix 

(grains) at different annealing conditions for low-carbon microalloyed steel of Ti+ grade 
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Table 6.3-1 Average GND density of cold-rolled alpha and gamma fibres and un-

recrystallized and recrystallized matrix of alpha and gamma fibres at different annealing 

conditions 

Conditions 

Average GND density (m-2) 

Un-recrystallized matrix Recrystallized matrix 

Alpha fibre Gamma fibre Alpha fibre Gamma fibre 

Cold-rolled 

7.57E+14 m-2 

*4.42E+15 m-2 

[87] 

1.17E+15m-2 

*5.31E+15 m-2 

[87] 

- - 

700 oC 0 s 6.42E+14 m-2 8.72E+14 m-2 4.84E+13 m-2 4.42E+13 m-2 

800 oC 0 s 6.21E+14 m-2 5.57E+14 m-2 3.80E+13 m-2 3.92E+13 m-2 

800 oC 2 

min 
3.07E+14 m-2 1.94E+14 m-2 4.98E+13 m-2 4.95E+13 m-2 

*dislocation density (GND + SSD) [87]  

Similarly with an increase in the heat input from 700 °C 0 s to 800 °C 2 min, recrystallization 

(%) for both fibres have increased. From qualitative ND-IPF maps in Fig. 5.6-2 and 

quantitative average GND (m−2) density and recrystallization (%) results shown in Fig. 6.3-1a 

and 6.3-1b respectively, it could be observed that due to the higher initial stored energy in the 

cold-rolled gamma fibre, as compared to the cold-rolled alpha fibre, drop in the average GND 

density and increase in the recrystallization fraction (%) is higher in the case of gamma fibre 

grains. Annealing at 800 °C with an increase in dwell time from 0 s to 2 min results in 

negligible increment in recrystallization (%) (from 70% to 72%) for alpha fibre grains, while 

for gamma fibre grains increment in recrystallization (%) is significant (from 73% to 93%). 

The above measured recrystallized fractions in alpha and gamma fibres imply that fine 

precipitates of (Ti,V)(C/N) probably pinned recrystallized alpha grains from 0 s to 2 min at 

800 °C, while they cannot stop the recrystallization of gamma fibre grains. Sinclair et al. [313] 

investigated recrystallized texture development in Ti-microalloyed cold-rolled ferritic 

stainless steel during subcritical annealing. Fine (10 – 50 nm) Ti(C/N) precipitates are 

preferentially located along the alpha fibre grain boundaries parallel to ND (region of larger 

orientation gradient). Fine precipitates pinned along alpha-alpha and alpha-gamma inhibit the 

growth of nucleated recrystallized grains during annealing. The experimental and simulation 

work on the precipitation of complex TiyV1-yC in this thesis also shows that before 

recrystallization can readily start (800 oC 0 s), a lot of precipitates (about 15 % to 30 % with 
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10 nm diameter) already form on the dislocations in the deformed microstructure. These fine 

precipitates probably pin the recrystallization behaviour of those alpha grains with low stored 

energy. The combination of lower stored energy and preferential pinning of alpha fibre 

resulted in sluggish recrystallization kinetics of alpha fibre grains, as observed in Fig 6.3-1b. 

6.3.2. Reliability of hot stage quasi in-situ EBSD 

Since the surrounding boundary conditions of a free surface microstructure are different from 

the interior bulk microstructure, such as that the surface microstructure is exposed to a gas (of 

pressure, P ~ 5×10−6 mbar) inside the SEM chamber [140], it is important to discuss the 

differences or similarities in recrystallized microstructure development on the surface and in 

the interior of the sample for the same annealing conditions. To investigate the above case, 

hot stage quasi in-situ EBSD samples were polished down to ~ 300 μm along transverse 

direction (TD) and high magnification (×5k) EBSD scans were performed on annealed 

samples. The microstructure on the surface and in the interior of the hot stage quasi in-situ 

EBSD sample is very similar qualitatively to each other after annealing for three different 

conditions, 700 °C 0 s, 800 °C 0 s and 800 °C 2 min as shown in the results chapter in Figs. 

5.6-1b, 5.6-2c and 5.6-2d (surface) and discussion chapter in Figs. 6.3-2a, 6.3-2b and 6.3-2c 

(interior) respectively. Recrystallized grains are quasi-polygonal for both surface and interior 

of annealed samples. For annealing condition of 700 °C 0 s, negligible nucleation could be 

observed even inside the sample as shown in Fig. 6.3-1a, which further confirms that an 

annealing temperature of 700 °C with no dwell is not sufficient for complete recrystallization. 

Presence of un-recrystallized alpha fibre grains for the annealing conditions of 800 °C 0 s and 

800 °C 2 min in Fig. 6.3-2b and 6.3-2c respectively confirms that the slower recrystallization 

kinetics of the alpha fibre grains is not only observed on the surface but also inside the bulk. 
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Fig. 6.3-2 Normal Direction Inverse Pole Figure (ND-IPF) maps of interior microstructure of 

hot stage quasi in-situ samples of Ti+ grade steel for three annealing conditions: 700 °C 0 s 

(a), 800 °C 0 s (b) and 800 °C 2 min (c). Fraction recrystallized (%) (d) and recrystallized 

grain size (μm) (e) quantified on surface and interior microstructure of hot stage quasi in-situ 

samples for cold-rolled state and annealed states obtained at different annealing conditions 

Since qualitatively there is not any significant effect of the free surface on the recrystallized 

microstructural development, to further understand quantitatively the difference in 

recrystallized microstructure on the surface and in the interior, recrystallization (%) and 

average recrystallized grain size are plotted as shown in Fig. 6.3-2d and 6.3-2e respectively. 

Average recrystallized grain size on the surface is about 1.2 to 1.6 times coarser compared to 

the interior of the sample for the same annealing conditions. Average recrystallization (%) is 

higher by 5 % for the surface compared to the interior of the sample for the annealing condition 

of 800 °C 0 s and 800 °C 2 min. From the above quantified results, it could be seen that the 

values for recrystallization (%) and grain size are within the standard deviation for the surface 

and the interior but with a slight increase in average values for the surface, possibly due to the 

following factors: easier shape deformation on the free surface as compared to the bulk 

[294,353], temperature gradient from surface to interior, the free surface energy [125,140], or 

absence of recrystallized grains which would nucleate above the free surface 

[128,133,354,355]. Mullins had previously discussed the effect of free surface on grain growth, 

and it was mentioned that as the surface microstructures are exposed to the gas, there are 

various free surface energies associated with grain boundary movement. Grains of higher 

surface free energy could be consumed by grains of lower free surface energy and lead to grain 

coarsening [140]. Moreover, during annealing using hot stage EBSD most of the recrystallized 
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nuclei are formed below the surface and then grow to reach the free surface [128,133,354,355]. 

Therefore, by the end of the annealing process, the number of recrystallized grains on the 

surface would be statistically half as many as in the interior. Hence, average recrystallized 

grain area on the surface would be almost double compared to the interior, and the average 

recrystallized grain size about 1.4 times larger than the recrystallized grain size in the interior, 

which also agrees with the results shown in Fig. 6.3-2e. Overall, from both qualitative and 

quantitative results no significant deviation in recrystallized microstructural development on 

the surface and in the interior of the annealed sample was evident, which is consistent with 

the observations from other researchers [125] [133]. 
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7. Further work 

Based on the research investigations carried out in this PhD, certain areas that could be 

explored in future are mentioned below. 

7.1. Academic insight 

1. In this PhD work, it is shown both qualitatively and quantitatively that the  recrystallization 

behaviour of alpha fibre grains is sluggish both on the surface and inside the material during 

sub-critical annealing of the cold-rolled low-carbon microalloyed steel of the Ti+ grade. It is 

important to understand preferential nucleation sites of precipitates along different textural 

orientations, i.e. whether precipitates are preferentially nucleating along alpha/alpha or 

alpha/gamma or gamma/other orientations or alpha/other orientation boundary. To understand 

preferential nucleation sites of precipitates, correlative study [356,357] using EBSD and 

STEM would be required. 

2. Ti+Mn+ grade containing 0.89 wt. % of Mn has maximum texture intensity peak around 

{001}<110> alpha fibre grains in the cold-rolled condition. While the other two grades, base 

and Ti+ containing less wt. % of Mn ~ 0.35 % show maximum texture intensity peak around 

{112}<110> alpha fibre grains in the cold-rolled state. The difference in initial cold-rolled 

texture influences recovery and recrystallization behaviour during annealing. Therefore, it is 

important to understand the effect of Mn wt. % on cold-rolled texture development. To carry 

out the investigation, series of fixed number of cold-rolled samples need to be prepared with 

similar chemistry as that of Ti+ grade but with varying wt. % of Mn (0 %, 0.5 %, 1 %, 1.5 % 

and 2 %) for low (30 %) and high (70 %) cold-rolled deformation (%) states. Either XRD or 

EBSD experiment could be performed to study bulk texture of the sample for different 

conditions: cold-rolled, 700 oC 0 s, 800 oC 0 s and 800 oC 2 min to understand the influence of 

Mn on the development of cold-rolled and recrystallized texture. 

3. The early stage of precipitation for annealing condition of 700 oC 0 s is very fine and closely 

spaced to each other which makes the morphological study of precipitates difficult in STEM. 

Combination of HR-TEM and APT is efficient in performing site specific qualitative studies 

of the nature of precipitates i.e. either cluster of atoms or coherent precipitate with a definite 

crystal lattice [166]. Sample could be further analysed in SANS for acquiring bulk-scale 

quantitative information of precipitates [149]. 

7.2. Industrial perspective 

1. The idea of cold-rolled supersaturated ferrite phase matrix originated from Tata Steel 

Europe successful commercial hot-rolled product, XPF. Precipitation strengthening of the 

base, Ti+ and Ti+Mn+ grades for the annealing condition of 800 oC 2 min is less than the hot-

rolled steel products because of coarse precipitation. Moreover, mechanical properties of the 
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Ti+ and Ti+Mn+ grades are not comparable to DP and CP grades due to partially recrystallized 

ferrite matrix and coarse precipitation. Two possible metallurgical routes to develop annealed 

material with similar mechanical properties to that of DP and CP steel grades are suggested 

and mentioned below. 

 Perform inter-critical annealing of the cold-rolled microalloyed steel grades to 

transform low volume fraction of ferrite phase (5 % to 10 %) to austenite phase and 

then cool down to form final microstructure comprising of low volume fraction (5 % 

to 10 %) of martensite phase and higher volume fraction of very fine random 

precipitates in recrystallized ferrite matrix. 

 Perform inter-critical annealing of the cold-rolled microalloyed steel grades to 

completely transform ferrite phase to austenite phase and then cool down to room 

temperature to have very fine interphase and random precipitates in ferrite matrix 

formed during coiling. 

Both metallurgical routes require set of trials with various defined heating and cooling 

parameters and subsequent microstructure and mechanical investigations. 
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8. Conclusions 

Three cold-rolled low-carbon microalloyed steel grades, base, Ti+ and Ti+Mn+ were 

investigated in this study. Difference in recrystallization behaviour, recrystallized texture 

development, recrystallization-precipitation interaction and mechanical properties were 

studied during sub-critical annealing. Hot-stage quasi in-situ analysis of the evolution of GND 

density in alpha and gamma fibres was carried out to quantify the difference in 

recrystallization kinetics of alpha and gamma fibres during sub-critical annealing. Based on 

the results and discussions, conclusions are summarised below: 

8.1. Recrystallization and textural behaviour 

1. Recrystallization kinetics is fastest in the base grade as compared to the Ti+ and Ti+Mn+ 

grades. Presence of additional Ti-microalloying element along with V in Ti+ and Ti+Mn+ 

grades is effective in retarding the recrystallization process during sub-critical annealing. 

2. Higher intensity of {001}<110> grain orientation and additional Mn solute atoms in the 

Ti+Mn+ grade leads to a slower recovery rate as compared to the base and Ti+ grades under 

the annealing condition of 800 oC 0 s. 

3. There is insignificant difference observed in recrystallization kinetics between the Ti+ and 

Ti+Mn+ grades for longer dwell time (> 0 s) at the annealing temperature of 800 oC. The solute 

drag effect by additional Mn solute atoms on recrystallization kinetics of the Ti+Mn+ grade 

is negligible due to sluggish subgrain/grain boundary movement. 

4. For fully recrystallized ferrite matrix, intensity of gamma texture is weaker in the base grade 

than the Ti+ and Ti+Mn+ grades. Additional Ti-microalloying element along with V in Ti+ 

and Ti+Mn+ grades favours stronger gamma texture. 

8.2. Hot-stage quasi in-situ EBSD 

1. Evaluating average GND density from the same region indicates a slower recovery rate in 

alpha fibre than in gamma fibre for the annealing conditions of 700 °C 0 s, 800 °C 0 s and 

800 °C 2 min. 

2. At the lower annealing temperature of 700 °C with no dwell, nucleation of recrystallization 

has initiated both on surface and in the interior of hot stage quasi in-situ annealed samples but 

the temperature and dwell time are not sufficient for full recovery and recrystallization. With 

longer dwell time above 2 min at 800 °C recrystallization has progressed with higher 

recrystallization fraction in gamma fibre grains as compared to alpha fibre grains of the Ti+ 

grade. The minor increase in the recrystallized fraction of alpha fibre from 0 s to 2 min at 

800 °C implies that fine precipitates probably pinned recrystallized grains. The pinning force 

however did not stop the recrystallization behaviour of gamma fibre grains. Additionally, due 
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to lower stored energy and lack of sharp lattice curvature in alpha fibre, recovery and 

recrystallization time is longer for alpha fibre than for gamma fibre. 

3. In this study, there is no significant difference in the microstructure on the surface and the 

interior of hot stage quasi in-situ EBSD annealed samples, only minor difference is that the 

average recrystallized fraction is slightly higher on the sample surface than in the sample 

interiors. 

8.3. Industrial implications 

1. Coarsening of precipitates during sub-critical annealing of the base, Ti+ and Ti+Mn+ grades 

leads to lower precipitation strengthening as compared to the hot-rolled steel grades of XPF 

800, XPF 1000 and NANOHITEN, where higher precipitation strengthening is achieved by 

very fine (~ 3 nm) interphase precipitation. 

2. Precipitation pinning potential is higher for the Ti+ grade than for base grade due to the 

presence of additional Ti-microalloying element along with V in the Ti+ grade. 

3. Ti+ and Ti+Mn+ grades after annealing under industrial cycles A, B and C are lower on 

strength and ductility balance comparable to multiphase steel such as DP and CP grades due 

to partially recrystallized ferrite matrix and coarse precipitates. 

4. Cold-rolled annealed partially recrystallized steel grades, Ti+ and Ti+Mn+ of high strength 

(750 – 880 MPa) with moderate ductility (2 – 10 %) have the potentiality to be used in BIW 

parts for high strength and moderate ductility applications. 

5. Although Ti+ and Ti+Mn+ steel grades are lower on strength and ductility balance 

compared to DP and CP steels, it is an interesting industrial alloy with cost benefits as 

compared to multiphase steel grades but needs further development via intercritical annealing. 

8.4. Development of the Methodology 

1. LAM, HV/1 and aspect ratio methods show similar trends in increment in recrystallization 

(%) of the base, Ti+ and Ti+Mn+ grades. 

2. Bulk texture analysis using EBSD post-processed data is largely dependent upon the 

number of grains taken into consideration. EBSD gives reliable texture information for the 

cold-rolled and intermediate stages of the recrystallization process. For advanced grain growth 

conditions i.e. for the annealing condition of 800 oC 2 hrs, bulk texture analysis using XRD 

gives accurate information. 

3. Correlative and quasi in-situ material characterisation techniques such as room temperature 

EBSD, nanoindentation-EBSD, STEM, hot-stage quasi in-situ EBSD and mechanical testing 

allow to quantify recrystallization behaviour, texture development and precipitation-
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recrystallization interactions in novel steel grades to optimise their response for advanced 

applications. 
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9. Supplementary information 

9.1. Calculation of geometrically necessary dislocation (GND) density 

EBSD data is obtained from Channel 5 software of Oxford Instruments in the form of .ctf file. 

File is exported to MTEX texture analysis toolbox, MTEX-4.5.0 available in MATLAB 

R2016b (http://mtex-toolbox.github.io/.) for GND density post-processing. Misorientation 

value is extracted from alpha and gamma fibre grains and fed back to equation 9.1-1 to 

evaluate corresponding GND density: 

                                                                    𝜌𝐺𝑁𝐷 =  
2𝜃

𝑢𝑏
                                                   (9.1-1) 

Where, θ is misorientation angle, ρGND is GND density, b is scalar value of Burgers vector and 

u is the unit length. 

To evaluate the average GND density of a respective grain orientation, a rectangular box is 

drawn inside the grain of interest. Multiple boxes (typically in the range from 1 to 10) are 

constructed inside the grain to include sufficient amount of LAM data associated with each 

pixel. Rectangular boxes are constructed both at the centre and in regions close to the grain 

boundary, but excluding the grain boundary, to consider the dislocation density of a respective 

grain orientation. The rectangular box is not drawn across grain boundaries because the 

dislocation density information associated with the grain boundary would not reflect average 

GND density of a particular grain orientation. HAGB is an interface which is reflected as a 

jump in LAM value across one grain to another and therefore construction of rectangular box 

across it is omitted in this study [358]. The equation used in MATLAB code to draw a 

rectangle is mentioned below: 

                                                                region = [xo yo L W]*1;                                    (9.1-2) 

Where, xo and yo are co-ordinates and L and W are dimensions of the rectangle. Fig. 9.1-1 

shows an example of the rectangle drawn over alpha fibre (grain orientation spread around 

{112}<110>). Misorientation value is extracted from each pixel within the rectangular area to 

evaluate average GND density. 

http://mtex-toolbox.github.io/
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Fig. 9.1-1 Normal Direction Inverse Pole Figure (ND-IPF) map of annealed sample of Ti+ 

grade for 800 oC 0 s condition obtained from MTEX toolbox available in MATLAB R2016b 

(http://mtex-toolbox.github.io/.). Red rectangle diagram is drawn to extract misorientation 

data from the area of interest in the EBSD image 

Before calculating GND density, noise is removed from the misorientation value for each pixel. 

Noise is calculated based on the method used by previous researchers [297,359]. Average 

misorientation values are obtained for a same EBSD scanned map for five different filter types 

(3 x 3; 5 x 5; 7 x 7; 9 x 9 and 11 x 11). Corresponding average LAM values are plotted against 

different filter sizes and extrapolated to estimate average LAM value at the origin. In ideal 

case, misorientation value at origin should be zero. In the case of noise there is a non-zero 

value at origin. Fig. 9.1-2 represents different filter types 3 x 3 (first neighbour, n = 1) to 11 x 

11 (fifth neighbour, n = 5). For step size (u) of 0.15 μm, value of ‘x’ for first neighbour is 0.15 

μm. 

 

 

 

http://mtex-toolbox.github.io/
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Fig. 9.1-2 Pixels of different square filter type. Blue colour for 3 x 3 filter type, green colour 

for 5 x 5 filter type, orange colour for 7 x 7 filter type, violet colour for 9 x 9 filter type and 

red colour for 11 x 11 filter type. Notation ‘u’ indicates step size used for EBSD scan 

The average LAM value is evaluated (Fig. 9.1-3) for different filter types (3 x 3; 5 x 5; 7 x 7; 

9 x 9 and 11 x 11) for three different sites (1, 2 and 3) from deformed ferrite matrix of annealed 

sample of Ti+ grade for 800 oC 0 s condition. Average LAM values at the origin for three 

different sites, 1, 2 and 3 are 0.41o, 0.85o and 0.87o respectively. Therefore average LAM value 

of a deformed matrix is ~ 0.71o. 

 

Fig. 9.1-3 Average local average misorientation (LAM) versus different filter types (3 x 3, 5 

x 5, 7 x 7, 9 x 9 and 11 x 11) for three different sites (1, 2 and 3) of deformed ferrite matrix of 

Ti+ grade sample for annealing condition of 800 oC 0 s 

Full MATLAB code is shown below: 

clear all; close all; clc; 
%% Import Script for EBSD Data 
% 
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% This script was automatically created by the import wizard. You 

should 
% run the whoole script or parts of it in order to import your data. 

There 
% is no problem in making any changes to this script. 

  
%% Specify Crystal and Specimen Symmetries 

  
% crystal symmetry 
CS = {...  
  'notIndexed',... 
  crystalSymmetry('m-3m', [3.66 3.66 3.66], 'mineral', 'Iron fcc', 

'color', 'light blue'),... 
  crystalSymmetry('m-3m', [2.866 2.866 2.866], 'mineral', 'Iron bcc 

(old)', 'color', 'light green')}; 

  
% plotting convention 
setMTEXpref('xAxisDirection','east'); 
setMTEXpref('zAxisDirection','intoPlane'); 

  
%% Specify File Names 

  
% path to files 
pname = 'C:\Users\KAPOOR2_I\Documents\MATLAB\mtex\In-situ\800C 

0s\ti\an'; 

  
% which files to be imported 
fname = [pname '\Project 1vj CRA Ti plus 795 fast 790 fast Map Data 

268.ctf']; 

  
%% Import the Data 

  
% create an EBSD variable containing the data 
ebsd = loadEBSD(fname,CS,'interface','ctf',... 
  'convertEuler2SpatialReferenceFrame'); 
%F = splineFilter; 
%ebsd = smooth(ebsd('indexed'),F,'fill');   

  

  
figure() 
plot(ebsd) 

  

  
oM = ipdfHSVOrientationMapping(ebsd('Iron bcc (old)')); 
oM.inversePoleFigureDirection = xvector; 

  
% compute the colors 
color = oM.orientation2color(ebsd('Iron bcc (old)').orientations); 
region = [xo yo L W]*1;                                                                                                                                                                                                                                                                                                                               
figure() 
plot(ebsd('Iron bcc (old)'),color) 
rectangle('position',region,'edgecolor','r','linewidth',2) 
condition = inpolygon(ebsd,region); 
ebsd = ebsd(condition) 
% ignore grain boundary misorientations 
grains = calcGrains(ebsd,'angle',1*degree); 

  
figure() 
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plot(ebsd,ebsd.KAM./degree); 
c = ebsd.KAM./degree; % LAM value in degrees!! 
d = noise value % degrees!! 
d1 = d*0.0174533 
c1 = ebsd.KAM - d1; % LAM value in radians!! 
hold on 
plot(ebsd('notIndexed'),'FaceColor','black') 
hold off 
1/degree 
u = 2*abs(ebsd.unitCell(1,1))*1e-6; 
b = 0.243e-9; 
%GDiss = log10(c1.*(2/(u*b))); 

  
GND = c1.*(2/(u*b)); 
sm = 75e+9; 
SE = GND.*(sm*b*b/2); 
%LSE = log10(SE); 

  
%figure() 
%plot(ebsd,GDiss); 
%colorbar; 
%colormap jet 
%hold on 
%plot(ebsd('notIndexed'),'FaceColor','black') 
%hold off 

  
%figure() 
%plot(ebsd,LSE); 
%colorbar; 
%colormap Parula 
%hold on 
%plot(ebsd('notIndexed'),'FaceColor','black') 
%hold off 

 

For example: 

Input values: d (noise value) = 0.71o and region = [3.8 27 1.4 5]*1; 

Output value: Average GND density values (after noise removal) = 1.98E+14 m-2 

9.2. Solute drag parameter calculation 

Calculation of solute drag and intrinsic boundary friction for Ti+Mn+ grades is explained 

below. For the current situation, calculation of intrinsic boundary friction is only shown for 

velocity = 0.23 µm/s.  

                                                                  ∆𝐺𝑠𝑑 =
𝐶𝑜∗𝛼∗𝑣

1+𝛽2∗𝑣2                                              (9.2-1) 

                                                      𝛼 =
𝑁𝑣∗(𝑘∗𝑇)2∗𝛿

𝐸𝑜∗𝑋
∗ (sinh (

𝐸𝑜

𝑘∗𝑇
) − (

𝐸𝑜

𝑘∗𝑇
))                      (9.2-2) 

                                                                  𝛽2 =
𝛼∗𝑘∗𝑇∗𝛿

2∗𝑁𝑣∗𝐸𝑜
2∗𝑋

                                               (9.2-3) 

                                                                   ∆𝐺𝐼𝐵𝐹 =
𝑣

𝑀𝑖
                                                     (9.2-4) 

                                                              𝑀𝑖 =
2.63

𝑇
∗ 𝑒(

−20754

𝑇
)
                                            (9.2-5) 
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Table 9.2- 1 Parameters for solute drag force calculation after Clark [46], Gladman [58], Zurob 

et al. [112,182], Cahn [203] Xu [325] and Wicaksono and Militzer [333]  

Parameters Value 

Co  (atomic concentration for Ti+Mn+ grade) 0.0039 

a (lattice parameter of Fe-BCC) 2.8x10-10 m 

Nv (molar volume) 2/a3 

k (Boltzmann constant) 1.38x10-23 m2kgs-2K-1 

T (temperature) 1073 K 

𝛿  (grain boundary thickness) ~ two times of 

burgers vector of Fe (assumption) 
5x10-10 m 

Eo (grain boundary interaction energy with atom) 1.7608x10-20 J/atoms 

X (bulk diffusion constant) 0.000076*exp(-224400/R*T) m2/s 

v (grain boundary velocity) Variable 

Based on above parameters, values of 𝛼, 𝛽2, ∆𝐺𝑠𝑑, ∆𝐺𝐼𝐵𝐹 and 𝑀𝑖 are as follows: 

𝛼 = 1.88x1014 kgm-2s-1 

𝛽2 = 2.73x1010 m-2s-2 

𝑀𝑖 = 9.77x10-12 m4/Js 

For v = 0.23 µm/s, ∆𝐺𝑠𝑑 = 1.21 J/mol and ∆𝐺𝐼𝐵𝐹 = 0.17 J/mol 

9.3 Selection of areas for STEM-EDS analysis 

During annealing of cold-rolled steel, sub-grain and grain boundaries form the major sites for 

precipitate nucleation. In order to obtain precipitate size, volume fraction and number density 

information along grain boundaries and within grains, FIB-lift out was performed from the 

un-recrystallized and recrystallized ferrite matrix in a sample of interest. During initial stage 

of STEM-EDS analysis, low magnification scan of the FIB-lift out lamella is performed as 

shown in Fig. 9.3-1a. Microstructural defects are decorated by precipitates. Once the general 

layout of precipitates across the FIB-lift out sample is identified, high magnification STEM-

EDS scans are performed at different sites containing precipitates. Sites with no precipitate 

visibility in the low magnification map (Fig. 9.3-1a) are also studied at high magnification to 

identify any fine precipitate distribution within that region. 
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Fig. 9.3-1 STEM high-angle annular dark-field (HAADF) image superimposed with 

Vanadium EDS chemical map. Pink coloured rectangular box in Fig. 9.3-1a and 9.3-1b 

represents the site of interest at higher magnification. 

An example is demonstrated to identify one of the sites of interest (Fig. 9.3-1): 

The pink coloured rectangular box in Fig. 9.3-1a shows an area of interest. Magnification is 

increased to identify that particular area as shown in Fig. 9.3-1b. To collect statistical 

information of fine and coarse precipitates, magnification is further increased to obtain 

updated STEM-EDS map as shown in Fig. 9.3-1c. High magnification STEM-EDS scanned 

area (Fig. 9.3-1c) is then post-processed in Image J software as explained in section 9.4. 

Similar method is applied for at least 10 different sites from two different FIB-lift out samples 

for each annealing condition. Although several areas have been selected to analyse 

precipitation the measurement may not be the ‘true’ value. This is a long-standing issue for 

FIB-lift out TEM precipitate investigation. Previous researchers [149,360] have used Small 

Angle Neutron Scattering (SANS) to characterise precipitates over a much larger volume. 

Even though precipitate number density, size or volume fraction may not be same as true value 

but by selection (using FIB-lift out technique) of the potential precipitate nucleation sites such 

as sub-grain and grain boundaries and within grains, statistically representative information 

of precipitates in cold-rolled annealed steel grades can be obtained. 

9.4. ImageJ post-processing of STEM images 

Quantification of precipitate size, counts (%) and volume fraction are done by post-processing 

of STEM-EDS chemical map in ImageJ software. For the initial stages of precipitation, 

precipitates are very fine and closely spaced along grain boundary. Quantification of 

individual fine precipitates is a complex procedure. While quantification of coarse precipitates 

is relatively easier. To explain the above points, two examples (Fig. 9.4-1 and Fig. 9.4-2) of 

the Ti+ grade for the annealing condition of 700 oC 0 s and 800 oC 2 min are presented. STEM-

EDS map is post-processed in ImageJ software to obtain bandpass filter (BPF) and threshold 

(THD) images. The area of selected precipitates are obtained from threshold image. Precipitate 

size (2 x radius) and volume are evaluated from precipitate area. For analysis, precipitates are 

assumed to be spherical. 
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Fig. 9.4-2 STEM -EDS chemical map of carbo-nitrides of Vanadium precipitates pinned to a 

sub-grain boundary at 700 °C 0 s for the Ti+ grade steel at two different FIB-lift out samples 

after bulk-furnace annealing (a), post-processed images from ImageJ software, bandpass filter 

(BPF) and threshold (THD) (b) and (c) respectively 

 

Fig. 9.4-3 STEM-EDS chemical map of carbo-nitrides of Vanadium precipitates at 800 °C 2 

min for the Ti+ grade steel at two different FIB-lift out samples after bulk-furnace annealing 

(a), post-processed images from ImageJ software, bandpass filter (BPF) and threshold (THD) 

(b) and (c) respectively 

Output for annealing condition of 700 oC 0 s:   Output for annealing condition of 800 oC 2 min: 

Area(nm2) d(nm) Volume(nm3)   Area(nm2) d(nm) Volume(nm3) 

22.72 5.4 81.439   19.75 5 66.041 

26.12 5.8 100.43   24.69 5.6 92.294 

27.26 5.9 107.05   33.47 6.5 145.67 

27.26 5.9 107.05   33.47 6.5 145.67 

27.26 5.9 107.05   35.12 6.7 156.55 

30.67 6.2 127.74   37.86 6.9 175.24 

31.8 6.4 134.9   40.6 7.2 194.63 

31.8 6.4 134.9   40.6 7.2 194.63 

32.94 6.5 142.2   48.29 7.8 252.4 

34.07 6.6 149.62   49.38 7.9 261.05 

35.21 6.7 157.15   51.58 8.1 278.65 

35.21 6.7 157.15   55.42 8.4 310.34 
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39.75 7.1 188.54   56.52 8.5 319.61 

43.16 7.4 213.29   58.16 8.6 333.67 

44.3 7.5 221.77   59.26 8.7 343.16 

45.43 7.6 230.34   59.81 8.7 347.94 

46.57 7.7 239.04   66.39 9.2 406.95 

49.97 8 265.75   66.39 9.2 406.95 

51.11 8.1 274.86   66.94 9.2 412 

59.06 8.7 341.42   68.04 9.3 422.17 

61.33 8.8 361.31   68.59 9.3 427.29 

68.15 9.3 423.17   69.14 9.4 432.43 

71.55 9.5 455.31   72.98 9.6 468.97 

72.69 9.6 466.18   75.72 9.8 495.66 

76.1 9.8 499.35   81.76 10 556.09 

78.37 10 521.87   87.79 11 618.78 

82.91 10 567.9   91.08 11 653.92 

84.05 10 579.61   94.38 11 689.69 

85.18 10 591.41   94.38 11 689.69 

86.32 10 603.28   95.47 11 701.75 

89.73 11 639.34   96.02 11 707.82 

90.86 11 651.52   97.67 11 726.09 

97.68 11 726.17   97.67 11 726.09 

97.68 11 726.17   98.77 11 738.36 

97.68 11 726.17   98.77 11 738.36 

113.6 12 910.53   99.86 11 750.71 

118.1 12 965.7   104.8 12 807.07 

123.8 13 1036.2   106.4 12 826.16 

136.3 13 1196.9   108.6 12 851.84 

140.8 13 1257.3   110.8 12 877.79 

143.1 13 1287.8   110.8 12 877.79 

143.1 13 1287.8   112.5 12 897.42 

144.2 14 1303.2   112.5 12 897.42 

145.4 14 1318.6   114.7 12 923.81 

176 15 1757.1   118 12 963.88 

206.7 16 2235.6   122.9 13 1025 

218.1 17 2422.4   130 13 1115.5 

235.1 17 2711.7   131.7 13 1136.8 

260.1 18 3155.3   131.7 13 1136.8 

263.5 18 3217.5   133.3 13 1158.2 

268 18 3301.1   133.9 13 1165.3 

271.4 19 3364.3   136.1 13 1194.1 

544 26 9545.4   138.3 13 1223.1 

     139.9 13 1245 

     141.6 13 1267 

     144.9 14 1311.5 

     144.9 14 1311.5 

     149.2 14 1371.6 
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     153.1 14 1424.8 

     160.8 14 1533.4 

     163.5 14 1572.9 

     170.1 15 1668.8 

     171.7 15 1693.1 

     175.6 15 1750.2 

     179.4 15 1807.9 

     185.5 15 1899.9 

     186.6 15 1916.8 

     187.1 15 1925.3 

     203.6 16 2184.9 

     206.3 16 2229.2 

     216.7 17 2400.3 

     218.4 17 2427.7 

     218.9 17 2436.8 

     225.5 17 2547.6 

     230.5 17 2631.7 

     239.8 17 2793.1 

     240.3 17 2802.7 

     244.7 18 2879.8 

     245.3 18 2889.5 

     251.9 18 3006.6 

     257.3 18 3105.4 

     261.2 18 3175.2 

     262.3 18 3195.2 

     262.3 18 3195.2 

     262.8 18 3205.3 

     270.5 19 3346.8 

     281.5 19 3552.5 

     295.2 19 3815.4 

     297.4 19 3858 

     302.3 20 3954.5 

     303.4 20 3976 

     306.7 20 4040.9 

     308.9 20 4084.4 

     316 20 4226.6 

     317.1 20 4248.7 

     317.7 20 4259.7 

     319.3 20 4292.9 

     321 20 4326.1 

     325.4 20 4415.1 

     350.6 21 4938.7 

     380.8 22 5589.9 

     383.5 22 5650.4 

     384.6 22 5674.6 

     401.6 23 6055.2 
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     411 23 6267.4 

     416.5 23 6393.3 

     425.8 23 6609.3 

     436.2 24 6853.5 

     441.7 24 6983.2 

     454.3 24 7284.6 

     463.1 24 7496.8 

     485.6 25 8049.7 

     488.9 25 8131.7 

     507.5 25 8601.5 

     580.5 27 10522 

     651.9 29 12520 

     691.4 30 13675 

     718.8 30 14497 

     746.2 31 15335 

     820.3 32 17674 
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From the above two sets of data, average precipitate size, counts (%), volume fraction etc. 

could be easily calculated. Volume fraction of precipitate is calculated by dividing total 

volume precipitates by volume of the image processed. Volume of image is calculated by 

multiplying area of image to thickness of sample. Since thickness of sample is varying 

between 100 nm to 200 nm, therefore volume fraction of precipitate is calculated for four 

different sample thickness of 100 nm, 125 nm, 150 nm and 200 nm. Average volume fraction 

of precipitate is then calculated from four different values as shown in Table 9.4-1. For 

statistical evaluation of precipitate size and volume fraction, at least 500 precipitates are 

required. 

Table 9.4-1 Precipitate size and volume fraction information obtained from Fig. 9.4-1 and Fig. 

9.4-2 

Annealin

g 

condition 

Average 

precipitat

e size, d 

(nm) 

Total 

volume of 

precipitat

es (nm3) 

Area of 

image 

(nm2) 

Volume 

fraction of 

precipitat

es 

(assuming 

thickness 

200 nm) 

Volume 

fraction of 

precipitat

es 

(assuming 

thickness 

150 nm) 

Volume 

fraction of 

precipitat

es 

(assuming 

thickness 

125 nm) 

Volume 

fraction of 

precipitat

es 

(assuming 

thickness 

100 nm) 

Average 

volume 

fraction of 

precipitat

es 

700 oC 0 

s 
11 54294.92 

119195

5 
0.000228 0.000304 0.000364 0.000456 0.000338 

800 oC 2 

min 
15 344469.7 

575365.

2 
0.002993 0.003991 0.00479 0.005987 0.00444 

 

9.5. Verification of MatCalc model 

In this section the MatCalc simulation used for precipitate size and volume calculation in base 

and Ti+ grades for different annealing conditions is validated. Yamasaki and Bhadeshia [322] 

work of tempering of Fe-C-V martensitic steel is modelled in MatCalc. Precipitate size and 

volume fraction are obtained from MatCalc simulation for 600 oC and compared with 

experimental results of V4C3 precipitate size and volume fraction as shown in Fig. 9.5-1. 

Parameters used for simulation of precipitation size and volume fraction are shown in Table 

9.5-1. Experimental and MatCalc simulation results of precipitate size and volume fraction 

are similar to each other. Precipitate nucleation ends in between 50 hours to 100 hours for 

tempering temperature of 600 oC. For longer tempering time (> 100 hours), precipitates are 

coarsened for constant volume fraction as shown in Fig, 9.5-1b. Dislocation density of 1015 

m-2 is used in MatCalc simulation for precipitate size and volume fraction calculation. 
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Table 9.5-1 Parameters for MatCalc simulation of precipitate size and volume fraction 

Type of 

precipitate 
Diffusivity in ferrite (m2s-1) 

Interfacial 

energy 

Dislocation 

density in 

ferrite (m-2) 

VC 𝐷𝑉
𝛼 = 3.05 × 10−4exp (−

239000

𝑅𝑇
) [322] 0.445 [323] 1.00x1015 

 

 

Fig. 9.5-1 Comparison of TEM experimental and MatCalc simulation results of V4C3 

precipitate size (a) and volume fraction (b) in Fe-V-C martensitic steel tempered at 600 oC. 

Experimental results are taken from Yamasaki and Bhadeshia paper [322] 

9.6 Sensitivity of GND analysis to certain EBSD parameters 

 Increased deformation (%) of cold-rolled steel makes diffraction patterns more diffuse 

and possibly increases MAD values (i.e. higher angular misfit between detected and 

simulated Kikuchi bands) [361]. Higher MAD value leads to overestimation of GND 

value (GND + noise [362] [363]). While, performing noise reduction analysis [297] 

could minimise the effect of high MAD values on GND evaluation.  

 Jiang et al. [364], have studied the variation of GND value for different binning 

parameters for Cu crystal and it was shown that the average GND value is relatively 

constant with an increase in binning parameter from 1 x 1 to 8 x 8. 

 From the user’s experience point of view, multiple cycles of cleaning of the acquired 

EBSD data set (of indexing hit rate < 80 %) in Channel 5 software may lead to 

inaccuracy in estimation of grain orientation and pixel to pixel misorientation values. 

 For a Si crystal it has been shown that with an increase in HR from 30 to 100, peak 

value of the LAM distribution shifts towards lower value < 0.2o (Fig. 9.6-1) [365]. 
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Fig. 9.6-1 Distribution of local average misorientation for Hough Resolution of 30, 60 and 

100 of a Si single crystal (taken from Aztec European EBSD user meeting in Frankfurt 2019) 

[365] 

For the evaluation of GND density results as presented in this thesis, parameters such as 

binning (= 4 x 4) and Hough resolution (= 60) are constant for different cases and no cleaning 

approach of the EBSD data set were utilised before GND evaluation. The distribution of 

different MAD values (< 2o) could introduce noise and result in an overestimation of the 

average GND density value. Therefore for this study, noise reduction is crucial [297] and 

performed to minimise the effect of variation of MAD values and of external damage from 

sample polishing on the estimation of the average GND density of alpha and gamma fibres. 
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