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CHPATER 1 

BACKGROUND AND PURPOSE 

 

1.1 Introduction 

  Steels have been widely used in the industrial fields such as construction, vehicles (e.g., 

automobiles and ships) and plant industry because they have high strength, adequate ductility 

and high cost performance.  For the application to industrial fields, welding property is also 

important to connect each part.  Since steel has good welding property as well as excellent 

mechanical properties, most of the structural materials have been constructed by steels until 

now.  Besides, steels used in automobiles are also required to have a good formability and 

toughness, which are essential factors in the practical use to fabricate various shaped 

automobile body and to guarantee passengers’ safety.  As having novel mechanical properties 

mentioned above, steels are steadily used as a basis of structural material.   

In the automobile fields, for example, steels generally account for more than 80 % of the 

total weight of the car [1].  As increasing in the needs for ecology and environmental of the 

earth, reducing the weight of the car has been also a critical issue to improve fuel-efficiency.  

As a consequence, steels mainly used in the car should be lightened sustaining their strength 

and other mechanical properties (e.g., ductility, formability and toughness and so on).  In other 

words, steels are required to increase their strength because passenger’ safety should be firstly 

considered in reducing car weight.   

  However, the strength and ductility in steels are generally in trade-off relationship.  Figure 

1.1 shows general relationship between strength and ductility in various types of steels, where 

so-called banana-shaped curve indicating the trade-off balance is observed [2].  In this graph, 

the martensitic steels (MS), for example, having high strength shows limited ductility.  By 

contrast, interstitial free (IF) steels having low strength shows large ductility.  On the other 
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hand, it is obvious that dual-phase (DP) steels composed of ferrite (soft phase) and martensite 

(hard phase) show a good balance between strength and ductility, compared with conventional 

steels.   

 

 

Figure 1.1 General relationship between strength and ductility in various types of steels [2]. 

 

That is the reason why DP steels are widely used in automobile sheets due to their adequate 

mechanical properties (strength, ductility and formability).  For reducing the weight of the car, 

DP steels are required to improve their mechanical properties furthermore, or other types of 

steels (e.g., transformation induced plasticity (TRIP) or twinning induced plasticity (TWIP) 

steels) can be considered.  However, considering applications to industrials fields from a view 

point of cost performance, it does not seem easy to use austenitic steels (e.g., TRIP or TWIP) 

including large amount of alloying elements such as Mn and Ni instead of DP steels having 

simple chemical compositions.  Accordingly, it is considered that improving the mechanical 

properties (especially strength) of DP steels is effective to virtually realize the reduction of 

weight for automobile body.  
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  On the other hand, although many advanced steels having high strength and ductility have 

been developed to meet the demand, it is still unclear why the mechanical properties of many 

advanced steels are improved even in the case of DP steels.  Therefore, fundamentally 

understanding the mechanical properties of DP steels enables to provide a new insight on 

designing new advanced steels having much higher strength and larger ductility than 

conventional steels in future.  
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1.2 Dual-Phase (DP) steel 

1.2.1 Several factors to affect mechanical properties in DP steel 

  Dual-phase (DP) steels composed of ferrite and martensite have been widely used especially 

in automobile fields due to their excellent balance of strength and ductility as well as good 

formability.  Good performance in mechanical properties of DP steels might come from the 

mixed two phases having different mechanical properties (soft phase (ferrite) and hard phase 

(martensite)).  DP steels could be obtained by rapid quenching (e.g., water quenching) after 

intercritical annealing in two phases region of austenite and ferrite.  Conducting rapid 

quenching, DP steels composed of ferrite and martensite can be fabricated because austenite 

phase existing during interciritical annealing transforms to martensite by quenching.  It is also 

generally known that the volume fraction of martensite in DP steels can be changed by 

intercritical annealing temperature, since equilibrium fraction of austenite is determined by the 

heat treatment temperature.  Figure 1.2 shows true stress-strain curves in a uniaxial tensile 

test of DP steels having different volume fractions of martensite [3].  With increasing the 

fraction of martensite, DP steels generally show higher strength, but smaller uniform elongation.  

This indicates that controlling the fraction of martensite results in the trade-off relationship of 

strength and ductility.   
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Figure 1.2 True stress–true strain curves in a uniaxial tensile test of DP steels with different 

martensite volume fractions equal to 15%, 19%, 28% and 37%.  All the curves are shown up 

to necking [3]. 

 

On the other hand, the distribution of martensite can be controlled through changing the heat 

treatment schedules.  Figure 1.3 shows schematic illustrations of phase diagram for the Fe-C 

system (a) and corresponding heat treatment patterns to obtain network-shaped DP structure (b) 

and to obtain isolated DP structure (c).  Many research groups reported that the network-

shaped DP structure showed much better mechanical properties in both strength and ductility 

than the isolated DP structure [4-6].   
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Figure 1.3 Schematic illustrations of phase diagram for the Fe-C system (a) and corresponding 

heat treatment patterns to obtain network-shaped DP structure (b) and to obtain isolated DP 

structure (c). 

 

In addition, other researches also reported that mechanical properties of DP steels could be 

improved by controlling hardness ratio or grain size of each phase [7-9].  These indicate that 

there are still many possibilities to raise mechanical properties of DP steels by controlling 

several microstructural factors.  Thus, in order to understand the nature of the mechanical 

properties of DP steels, it is necessary to thoroughly investigate several factors mentioned 

above, such as fraction, distribution of martensite, hardness ratio between ferrite and martensite 

and grain size of each phase.   

 

1.2.2 Analysis of mechanical properties for DP steel 

With the development of analysis technique, the digital image correlation (DIC), which is 

an image processing technique to determine displacement or strain, has been applied to 

studying DP steels as a new method [6].  By using the DIC technique, local strains 

corresponding to ferrite and martensite can be quantitatively evaluated with a high accuracy.  
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It has been reported that the ferrite has much larger plastic strain than martensite (i.e., strain-

partitioning between two phases occurs) during deformation even in the uniform elongation 

region on the stress-strain curve.  Many research groups studying on deformation behavior of 

DP steels by DIC technique also reported that strain distribution is considerably changed by 

changing factors such as distribution of two phases, hardness ratio, and so on [6, 10].  Park et 

al. [6] concluded that the F/M (ferrite/martensite) interface plays a very important role in 

deformation behavior of DP steels.  It seems favorable to increase the F / M interface to have 

more homogeneous deformation between ferrite and martensite.  Figure 1.4 reveals an 

equivalent strain map and strain histogram in 5% tensile-deformed isolated-10DP (dF=10 μm) 

(a), isolated-30DP (dF=30 μm) (b), chained-10DP (dF=10 μm) (c) and chained-30DP (dF=30 

μm) (d) [6].  
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Figure 1.4 Equivalent strain maps and strain histograms in 5% tensile-deformed isolated-10DP 

(dF=10 μm) (a), isolated-30DP (dF=30 μm) (b), chained-10DP (dF=10 μm) (c) and chained-

30DP (dF=30 μm) (d) [6]. 

 

  However, it is difficult to explain the strength of DP steels only by the local strain obtained 

from the DIC technique.  Several approaches to understand the strength of each phase in DP 

steels have been attempted through various methods such as micromechanics, self-consistent 

model and finite element method (FEM) simulations [11-15].  Recently, on the other hand, in 
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order to determine elastic strain (or stress) experimentally, in-situ neutron beam diffraction 

experiment during deformation has started to be adopted to DP steels [16-18].  By utilizing 

the in-situ neutron beam diffraction experiment, the elastic strain (or stress) of ferrite and 

martensite can be estimated even though crystal structure of ferrite and martensite is almost 

same (body-centered cubic; BCC).  Figure 1.5 shows lattice strains of ferrite phase (a) and 

martensite phase (b) during tensile deformation of a DP steel [16]. 

 

 

Figure 1.5 Lattice strains of ferrite phase (a) and martensite phase (b) during tensile 

deformation of a DP steel [16]. 

 

 

 



10 

  

1.3 Grain refinement of DP steels 

  It is well-known that grain refinement of metals is one of the most effective ways to enhance 

their strength without any change in the chemical composition.  The grain-refined metallic 

materials shows greatly high strength as well as hardness, toughness and anti-corrosion 

properties [19-21].  On the other hand, the ultrafine-grained materials with grain sizes much 

smaller than 1 μ m  generally have limited tensile ductility (especially limited uniform 

elongation) due to early plastic instability [23].  Improving this limited elongation shown in 

ultrafine-grained materials has been a challenging issue for the practical application to 

industrial fields.  In the DP steel, on the other hand, grain refinement is useful because the 

strength can be enhanced without a large loss of elongation [8-9, 19, 22-23].  Figure 1.6 

shows engineering stress–strain curves of the steels with coarse grained (CG), fine grained (FG) 

and ultrafine (UFG) ferrite matrix [9]. 

 

 

Fig. 1.6 Exemplary engineering stress–strain curves of the steels with coarse grained (CG), 

fine grained (FG) and ultrafine-grained (UFG) ferrite matrix. Ferrite grain size (df) is given in 

brackets [9]. 
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Improved mechanical properties by grain refinement in DP steel can be explained in terms 

of strain hardening rate [8-9, 22].  The grain-refined DP steels have much higher strain 

hardening rate than conventional DP steels.  This high strain hardening rate could contribute 

to the suppression of early plastic instability.  That is the reason why grain-refined DP steels 

have good mechanical properties in both strength and ductility.  

  However, details of the reason for the high strain hardening rate by grain refinement have 

not yet been clarified because it is quite difficult to evaluate the mechanical properties of each 

phase (phase stress and phase strain) separately as well as the mechanical interactions between 

two phases in DP steels.  It is considered that the mechanism of strain hardening rate could be 

clearly understood if mechanical properties of each phase can be clarified through DIC analysis 

and in-situ neutron beam diffraction experiment during deformation.  
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1.4. Objective of the present study 

  DP steels are still attracting a great attention especially in the automobile industrial fields 

because they show excellent strength-ductility balance keeping good cost performance.  

Nowadays, a lot of advanced high strength steels having good ductility, such as transformation 

induced plasticity (TRIP) and twinning induced plasticity (TWIP) steels, have been developed 

to replace conventional steels.  However, since these advanced steels mentioned above 

generally have high composition of Mn, Ni and so on, it is not likely that they could have 

competitive price in the market.  Moreover, these two TRIP and TWIP steels typically show 

a poor anti-corrosion property and also have difficulty in steel-making and welding, which 

would be critical problems in practical application.  In that sense, if there is an appropriate 

way to further enhance mechanical properties of DP steels, DP steels could be a reasonable 

solution rather than TRIP or TWIP steels.  

Accordingly, it is necessary to understand the nature of the mechanical properties of DP 

steels.  The grain refinement of DP steels would be an effective way to enhance their strength 

without a large loss of elongation.  Raising the deformation potential of DP steels by grain 

refinement would contribute to the weight reduction of automobiles, which directly leads to 

the improvement of fuel-efficiency.  However, the nature of good mechanical properties of 

grain-refined DP steels is still unclear, because it is quite difficult to evaluate deformation 

behavior of each phase within the complicated heterogeneous microstructure.  Recently, with 

the advance of analysis techniques, on the other hand, the mechanical properties of each phase 

in DP steels have become able to be studied by the digital image correlation (DIC) technique 

and the in-situ neutron beam diffraction experiment.  The objectives of the present study are 

as follows: 

 

1. To fabricate grain-refined DP steels by heat treatment.  Heat treatments (austenitizing heat 
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treatment, and repetitive heat treatment and intercritical annealing) and microstructural features 

(grain size, morphology and texture) are discussed in different grain-sized DP steels. 

 

2. To evaluate mechanical properties of DP steels with different grain sizes by systematic and 

precise tensile deformation.  Strain distribution within specimens and microstructures during 

tensile deformation and strain localization after the occurrence of macroscopic necking are 

discussed in the different grain-sized DP steels by the use of DIC analysis. 

 

3. To clarify the deformation behavior of each phase in different grain-sized DP steels by the 

DIC analysis and the in-situ neutron beam diffraction experiment.  Re-construction of 

mechanical properties of ferrite and martensite are attempted through two analysis methods.   
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1.5 Outline of dissertation 

  The present dissertation contains six chapters.   

In Chapter 1, the background and objective are introduced.  

In Chapter 2, grain-refined martensitic and ferritic structures are fabricated by repetitive 

heat treatment.  In order to obtain DP structures with fine grain size, grain-refined ferritic 

structures obtained from the repetitive heat treatment are intercritically annealed and 

subsequently water-quenched.  The microstructural features (grain size, morphology and 

texture) of the different grain-sized ferritic and DP structures are systematically investigated 

by EBSD measurement. 

  In Chapter 3, mechanical properties of ferritic and DP structures with different grain sizes 

are evaluated by uniaxial tensile test at room temperature.  Strain distribution within the 

tensile specimens during deformation is analyzed by the digital image correlation (DIC) 

technique to quantitatively evaluate strain localization after macroscopic necking in the DP 

structures having different grain sizes.  The hardness of each phase in the DP structures with 

different grain sizes is also investigated by nano indentation test. 

  In Chapter 4, deformation behavior of each phase in the DP steel is separately clarified 

through the DIC analysis and the in-situ neutron beam diffraction experiment, in order to 

understand the nature of deformation in the DP structures with different grain sizes.  Plastic 

strain in each phase is evaluated by the DIC method.  Phase stress (stress in each phase in the 

DP structures) is estimated from the lattice elastic strain of each phase measured by the in-situ 

neutron beam diffraction experiment.  Consequently, re-construction of stress-strain curves of 

each phase is attempted by combining two methods.  Strain hardening rate of ferrite and 

martensite is analyzed to clarify the improved uniform elongation in the fine-grained DP 

structures. 

  In Chapter 5, fabrication of ultrafine-grained ferritic and DP structures with a mean grain 
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size of about 2.7 μm is attempted by heavy deformation (cold-rolling) and recrystallization.  

Texture of ferritic and DP structures obtained by rolling and recrystallization is systematically 

investigated.  Mechanical properties of the obtained ultrafine-grained ferritic and DP 

structures are evaluated by tensile deformation.  The deformation behavior of the ultrafine-

grained DP structure is also evaluated by DIC analysis and discussed. 

  In Chapter 6, conclusions and new findings in the present study are summarized.  
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CHPATER 2 

FABRICATION OF DIFFERENT GRAIN-SIZED FERRITIC AND DUAL PHASE STEELS 

 

2.1 Introduction 

High strength and large ductility are the most required properties in structural metallic 

materials.  It is well-known that strength in polycrystalline metals increases with decreasing 

the mean grain size according to Hall-Petch relation [1-2].  Besides the enhancement of 

strength by grain refinement, the grain-refined metals generally show novel mechanical 

properties such as high hardness, excellent toughness and anti-corrosion property.  In order to 

produce ultrafine-grained materials having mean grain sizes smaller than 1 μm, severe plastic 

deformation (SPD) processes such as equal channel angular pressing (ECAP), accumulative 

roll-bonding (ARB), high pressure torsion (HPT) and etc., have been established [3-6].  

However, the SPD processes mentioned above are difficult to be applied to practical 

manufacturing, due to their complicated procedures and limited dimensions of specimens.  On 

the other hand, an alternative process for refining grain size other than SPD processes has also 

existed; repetitive heat treatment [7-8].  This repetitive heat treatment method in steels makes 

it possible to attain grain refinement without deformation.  It is expected that grain-refined 

martensitic or ferritic structures can be simply obtained by water quenching or air cooling after 

the repetitive heat treatment.  The present study aims to systematically investigate the 

formation and microstructural features of grain-refined martensitic and ferritic structures 

obtained by the repetitive heat treatment, comparing with relatively coarse-grained martensitic 

and ferritic structures as counterparts obtained by simple austenitizing heat treatment. 

 

2.2 Materials and experimental procedures 

2.2.1 Fabrication processes to obtain various grain-sized martensitic and ferritic structures 
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  The material used in this study is a 2Mn-0.1C (in wt.%) steel.  The detailed chemical 

composition of the material is shown in Table 1.1.  Figure 1.1 shows two types of heat 

treatment schedules to obtain martensitic (M) structures (route (a)) and ferritic + pearlite (F+P) 

structures (route (b)).  Firstly, in order to obtain martensitic structures with different grain 

sizes, austenitizing heat treatments were conducted at various temperatures ranging from 

1100 °C to 830 °C for 6 hr, followed by water quenching.  In addition, for obtaining 

martensitic structures with finer grain size, repetitive heat treatment at 810 °C for 3 min (for 

austenitization) plus water quenching were performed up to 4 cycles using the martensite-

structured specimens obtained by heat treatment at 950° C and 830° C for 6 hr followed by 

water quenching as the starting microstructure.  In the similar manner, austenitizing heat 

treatment at the temperatures ranging from 1100 °C to 830 °C for 6 hr and subsequent furnace-

cooling at a cooling rate of -1°C s-1 were carried out to obtain F + P structures.  In order to 

fabricate a fine-grained F+P structure, air-cooling was conducted at the last stage of 4 cycles 

of repetitive heat treatment at 810 °C for 3 min.  

 

Table 2.1 Chemical composition of the 2Mn-0.1C steel studied. 
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Figure 2.1 Schematic representations of the heat treatment routes to obtain martensitic (routte 

(a)) and ferritic structures (routte (b)) in the 2Mn-0.1C steel. 

 

2.2.2 Fabrication of dual-phase structures composed of ferrite and martensite  

  In order to obtain dual-phase (DP) structures composed of ferrite and martensite, intercritical 

annealing at 740°C (ferrite + austenite two-phase region) for 120 min or 30 min plus subsequent 

water quenching were performed for the ferrite structured specimens obtained from the heat 

treatment schedule shown in Fig. 2.1 (b).  Figure 2.2 shows schematic illustration of 

intercritical annealing at 740°C to obtain DP structures with different grain sizes, starting from 

the with ferrite-structured specimens.  Since the kinetics to lead to equilibrium fraction of 

austenite generally depend on the grain size, the intercritical annealing was carried out for 
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different holding times (120min for the ferrite-structured specimens obtained by the 

austenitization at 950°C or 900°C, and 30 min for the ferrite-structured specimens obtained by 

the austenitization at 830°C or the repetitive heat treatment (810°C)). 

 

 

 

Figure 2.2 Schematic illustration of intercritical annealing at 740°C to obtain dual-phase (DP) 

structures for different holding times (120min for the ferrite-structured specimens obtained by 

the austenitization at 950°C or 900°C, and 30 min for the ferrite-structured specimens obtained 

by the austenitization at 830°C or the repetitive heat treatment (810°C)). 

 

2.2.3 Microstructure observation 

  Microstructural features of the martensitic, ferritic and DP structures were investigated by 

field-emission scanning electron microscope (FE-SEM, JEOL-7100F) and electron back-

scattering diffraction (EBSD) analysis.  For the SEM and EBSD observation, the surface of 

each specimen was mechanically polished by emery paper (#120-4000), followed by 

electrolytic polishing in a solution of 10 % HClO4 and 90 % CH3COOH.  EBSD orientation 

mapping by OIM (Orientation Imaging Microscopy TM) system was performed on a hexagonal 

grid.  The microstructural features of martensite- and ferrite-structured specimens were 

expressed in crystallographic orientation color map and grain boundary map, respectively.  

Image quality (IQ) map, which indicates the difference of contrast reflecting the quality of 

Kikuchi pattern, was adopted for clearly identifying ferrite (bright contrast in IQ map) and 
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martensite (dark contrast in IQ map) phases in the DP structures. 

 

2.3 Results and discussion 

2.3.1 Microstructures of martensitic structures with different grain sizes 

  Figure 2.3 shows EBSD orientation color maps of the martensite-structured specimens 

austenitized at 1100 °C (a), 950 °C (b), 900 °C (c) and 830 °C (d) and subsequently water-

quenched.  It was found that all the specimens in Fig. 2.3 had fully martensitic structures by 

water quenching after the heat treatment.  It is known that prior-austenite grain structures are 

preserved in martensitic transformation, since martensite crystals do not grow over prior 

austenite grain boundaries.  Therefore, the prior-austenite grains can be identified through 

observation of martensitic structure.  It was found from the result of Fig. 2.3 that the 

martensitic structure obtained from the austenitization at relatively low temperature showed 

fine blocks (having the same orientation).  
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Figure 2.3 EBSD orientation color maps of the specimens austenitized at 1100 °C (a), 950 °C 

(b), 900 °C (c) and 830 °C (d) and then water-quenched. 

 

  For the quantitative evaluation of grain refinement, the prior-austenite grain size in each 

specimen was measured.  Figure 2.4 exhibits the grain size of prior-austenite as a function of 

the austenitizing temperatures ranging from 830 °C to 1100 °C.  It was found that the prior-

austenite grain size of the specimens obtained by the austenitizing heat treatments at 1100 °C, 

950 °C, 900 °C and 830 °C, was 475 μm, 244 μm, 78.4 μm and 28.6 μm, respectively.  This 

result clearly indicated that the austenite grain size strongly depended on the austenitizing 
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temperature and the prior-austenite grain size decreased with decreasing the heat treatment 

temperature.  This is because grain growth of austenite is accelerated by an increase in 

temperature of heat treatment.  

 

 

Figure 2.4 The prior austenite grain size as a function of the austenitizing heat treatment 

temperatures ranging from 830 °C to 1100 °C. 

 

2.3.2 Grain refinement of martensitic structures by repetitive heat treatment  

In order to obtain much finer-grained martensitic structures (finer austenite grain sizes), the 

heat treatment at 810 °C for 3 min followed by water-quenching was repetitively carried out 

up to 4 cycles using martensite-structured specimens corresponding to (b) and (d) in Fig. 2.3 

as the starting microstructure.  The procedure is called the repetitive heat treatment hereafter.  

Figure 2.5 displays EBSD orientation color maps of martensite-structured specimens after n-

cycle(s) (n=1,2,3 and 4) of the repetitive heat treatment starting from the 950 °C - 6 hr + WQ 

specimen (a-n) and the 830 °C - 6 hr + WQ specimen (b-n).  The grain size of prior-austenite 

after each cycle of the repetitive heat treatment at 810 °C for 3 min is summarized in (c).  The 
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prior-austenite grain size of the specimens shown in Fig. 2.5 (a-1), (a-2), (a-3) and (a-4) was 

36.0 μm, 23.4 μm, 16.7 μm and 11.9 μm, respectively.  This result indicated that the prior-

austenite grain size apparently decreased with increasing the number of cycle in the repetitive 

heat treatment, although the decrease in grain size after 2-cycle was small.  From the result, 

it can be concluded that the repetitive heat treatment is an effective way to refine the austenite 

grain size compared to the starting material (dA=244 μm).  On the other hand, the prior-

austenite grain size of the specimens shown in Fig. 2.5 (b-1), (b-2), (b-3) and (b-4) was 16.3 

μm, 12.5 μm, 12.7 μm and 11.1 μm, respectively.  It was found that the grain size of austenite 

slightly decreased with increasing the number of cycles in the repetitive heat treatment and 

saturated to the grain size of approximately 11 μm.  From these results shown in Fig. 2.5, it 

can be concluded that the austenite grain size decreased and finally saturated in the grain size 

of approximately 11 μm in the present repetitive heat treatment condition (810 °C - 3 min - 

W.Q. at each cycle), as shown in Fig. 2. 5 (c). 
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Figure 2.5 EBSD orientation color maps of the specimens after n-cycle(s) (n=1,2,3 and 4) of 

the repetitive heat treatment, starting from the 950 °C - 6 hr + WQ specimen (a-n) or the 830 °C 

- 6 hr + WQ specimen (b-n).  The prior-austenite grain size after each cycle of the repetitive 

heat treatment at 810 °C for 3 min is summarized in (c). 
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As shown in Fig. 2.5 (c), it is clear that austenite grain can be refined by the repetitive heat 

treatment.  Here, the reason for the grain refinement is considered.  Figure 2.6 is a schematic 

illustration showing the process of austenite grain refinement in the repetitive heat treatment.  

It is known that the martensitic structure contains high densities of lattice defects, i.e., 

dislocations and high- and low-angle grain boundaries (lath-, block- and packet-boundaries and 

prior austenite grain boundaries) (Fig.2.6 (a)).  These lattice defects can act as nucleation sites 

of austenite in reverse-transformation during the heat treatment above A3 temperature (Fig.2.6 

(b)).  The austenite nucleated on the defects in martensite grows during the heat treatment, 

but the resultant austenite grain size becomes finer than the initial size because of the enhanced 

nucleation (Fig.2.6 (c)).  When water quenching is conducted after the heat treatment, the 

finer austenite transformed to finer martensite again (Fig.2.6 (d)), and the process is repeated.  

This is the reason why the austenite grain size gradually decreased by the repetitive heat 

treatment, as shown in Fig. 2.5 (c). 

 

 

Figure 2.6 Schematic illustration showing the process of austenite grain refinement in the 

repetitive heat treatment. 
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2.3.3 Grain refinement of ferritic structures 

In the previous section, the martensitic structures with different prior-austenite grain sizes 

were obtained by simple austenitizing heat treatment or repetitive heat treatment, followed by 

water quenching.  It is believed that ferritic structures could be also obtained through slow 

cooling after austenitizing heat treatment or repetitive heat treatment.  Figure 2.7 shows 

EBSD grain boundary maps of the specimens heat-treated at 1100 °C (a), 950 °C (b), 900 °C 

(c), 830 °C (d), followed by furnace cooling, and the specimen repetitively heat-treated at 

810 °C for 3 min up to 4 cycles (e) then finally followed by air cooling.  As the material used 

in this study was a low carbon (0.1 wt. % C) steel, the microstructure obtained after slow 

cooling was mainly composed of ferrite with a small volume of cementite.  The ferrite grain 

size corresponding to Fig. 2.7 (a), (b), (c), (d) and (e) was 118 μm, 47.5 μm, 22.1 μm, 10.3 μm 

and 4.5 μm, respectively.  This result indicated that ferritic structures (Fig. 2.7 (a-d)) with 

various grain sizes ranging from approximately 120 μm to 10 μm were obtained by changing 

the austenitizing heat treatment temperature.  Moreover, fine-grained ferritic structure (Fig. 

2.7 (e)) with the grain size below 5 μm could be fabricated by 4 cycles of the repetitive heat 

treatment plus air cooling.  These results indicate that the grain size of ferrite strongly depends 

on the austenite grain size shown in Fig. 2.8. 
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Figure 2.7 EBSD grain boundary maps of the specimens heat-treated at 1100 °C (a), 950 °C 

(b), 900 °C (c), or 830 °C (d), followed by furnace cooling, and the specimen repetitively heat-

treated at 810 °C for 3 min up to 4 cycles (e) then followed by air cooling. 
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Figure 2.8 Ferrite grain size in the obtained ferritic structures as a function of prior-austenite 

grain size.  

 

Figure 2.9 shows EBSD orientation color maps of the specimens heat-treated at 1100 °C (a), 

950 °C (b), 900 °C (c), or 830 °C (d) for 6 hr, followed by furnace cooling, and the specimen 

repeatedly heat-treated at 810 °C for 3 min up to 4 cycles (e) then followed by air cooling.  It 

is found that crystallographic orientation has a relatively random distribution without a strong 

texture in all the ferritic structures obtained, since no tendency of colors is found in Fig. 2.9.  

It is considered that the method for grain refinement by repetitive heat treatment has an 

advantage for making a random distribution of orientation.  The reason for the formation of 

the random texture is possibly because this method does not use plastic deformation, which is 

in contrast to SPD processes.  In addition, it was also found that almost all grain boundaries 

are high angle grain boundaries (HAGB) with misorientation higher than 15 degrees.  
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Figure 2.9 EBSD orientation color maps of the specimens heat-treated at 1100 °C (a), 950 °C 

(b), 900 °C (c), or 830 °C (d) followed by furnace cooling, and the specimen repeatedly heat-

treated at 810 °C for 3 min up to 4-cycles (e) then followed by air cooling. 

 

In order to confirm the details of orientation distribution in the obtained ferritic structures, 

pole figures (PFs) obtained by the EBSD measurement were investigated.  Figure 2.10 

displays 001 pole figures (PFs) of the ferritic structures with the mean grain size of 118 μm (a), 

47.5 μm (b), 22.1 μm (c), 10.3 μm (d) and 4.5 μm (e).  From this result, it was clearly found 

that no strong texture was demonstrated in all the specimens, irrespective of the grain size.  

Although the coarse-grained ferritic structure showed some strong pole positions, it was 

considered that the number of grains included in the observed area was too small to obtain 

statistically reliable texture data.  
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Figure 2.10 001 pole figures (PFs) of the ferritic structures with the mean grain size of 118 μm 

(a), 47.5 μm (b), 22.1 μm (c), 10.3 μm (d) and 4.5 μm (e), obtained by the EBSD measurement. 

 

2.3.4 Microstructures of dual-phase structures with different grain sizes 

  In order to obtain dual-phase (DP) structures with different grain sizes, ferritic structures 

with various mean grain sizes ranging from 47.5 μm to 4.5 μm were intercritically annealed in 

ferrite + austenite two-phase region (at 740 °C) and subsequently water-quenched.  Figure 

2.11 shows EBSD image quality (IQ) maps of the DP specimens started from the ferritic 

structures with the grain size of 47.5 μm (Fig. 2.7 (b)), 22.1 μm (Fig. 2.7 (c)), 10.3 μm (Fig. 



33 

  

2.7 (d)) and 4.5 μm (Fig. 2.7 (e)), respectively.  IQ maps generally express the quality of 

Kikuchi-lines obtained at each measurement point in the EBSD mapping.  Thus, the 

martensite phase which has many lattice defects represents darker contrast than the ferrite phase 

in IQ maps.  The IQ maps shown in Fig. 2.11 indicated that the most martensite formed along 

grain boundaries of ferrite, resulting in a shape of network.  The fraction of martensite in the 

DP stuructures shown in Fig. 2.11 (a-d) was 42.5 %, 43.9 %, 44.4 % and 43.8 %, respectively.  

The grain size of ferrite in the DP structures was 58.3 μm, 31.8 μm, 8.2 μm and 4.1 μm in Fig. 

2.11 (a-d), respectively.  The fraction of martensite and the grain size of ferrite in the DP 

structures were summarized in Fig. 2.12.  From this result, it is found that the grain size of 

ferrite in the final DP structures strongly depends on the ferrite grain size in the starting ferritic 

structures shown in Fig. 2.13.  The ferrite grain size in fine-grained DP structures (8.2 μm and 

4.1 μm) was almost the same as that in the corresponding ferritic structures.  
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Figure 2.11 EBSD image quality (IQ) maps of the DP specimens with the ferrite grain size of 

58.3 μm (a), 31.8 μm (b), 8.2 μm (c) and 4.1 μm (d). 

 

 

Figure 2.12 (Continued) 
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Fraction of martensite and grain size of ferrite in DP structures obtained by the intercritical 

annealing at 740 °C, starting from ferritic structures with the mean grain size of 47.5 μm ((a) 

DP-950), 22.1 μm ((b) DP-900), 10.3 μm ((c) DP-830) and 4.5 μm ((d) DP-RHT). 

 

 

Figure 2.13 Ferrite grain size in the DP structures as a function of ferrite grain size in the initial 

ferritic structures used as the starting materials for the intercritical annealing at 740 °C.  

 

  Textures obtained by the EBSD measurement of the DP structures with different grain sizes 

were investigated.  Figure 2.14 shows 001 pole figures (PFs) of the DP structures with the 

average ferrite grain size of 58.3 μm (a), 31.8 μm (b), 8.2 μm (c), and 4.1 μm (d).  It is found 

that the crystallographic orientation of all the DP specimens shows nearly random distribution 

without strong textures.  It is considered that the random distribution of crystallographic 

orientation in the DP structures comes from the random orientation distribution of the ferritic 

structures used as the starting materials for intercritical annealing.  Therefore, it can be said 

that the dominant factor which may affect mechanical properties of DP structures in this study 
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would be the grain size and the hardness ratio between ferrite and martensite, because other 

factors such as the fraction of martensite and the distribution (shape) of martensite are nearly 

the same and the texture was nearly random, as shown in Fig 2.12 and Fig. 2.14.  

 

 

Figure 2.14 001 pole figures (PFs) of the DP structures with the mean ferrite grain size of 58.3 

μm (a), 31.8 μm (b), 8.2 μm (c), and 4.1 μm (d). 

 

2.4 Conclusions  

  Grain refinement of martensitic, ferritic and DP structures was performed by changing 

austenitization temperature or the repetitive heat treatment technique, both without plastic 

deformation.  Microstructural features of the obtained materials were examined.  The main 

results obtained in this chapter are as follows.  
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1. Various austenite grain sizes were realized by the austenitization at different temperatures or 

the repetitive heat treatment of quenching and austenitization.  The prior austenite grain size 

observed in the final martensitic structures decreased with decreasing the austenitizing heat 

treatment temperature.  Moreover, the fine-grained martensitic structure having a fine prior 

austenite grain size of approximately 11 μm could be obtained by the repetitive heat treatment 

at 810 °C for 3 min.   

 

2. By using the fine-grained austenite fabricated through the repetitive heat treatment, a fine-

grained ferritic structure having the grain size of 4.5 μm could be obtained after slow air cooling 

from the final austenitization in the above mentioned repetitive heat treatment.  The 

crystallographic orientation of the fine-grained ferritic structure was nearly random without 

strong texture. 

 

3. The ferritic structures with different grain sizes ranging from 47.5 to 4.5 μm obtained were 

heat treated in intercritical region of ferrite and austenite, and followed by water quenching to 

fabricate dual-phase (DP) structures.  The DP structures with different grain sizes ranging 

from 58.3 μm to 4.1 μm were obtained.  The grain size of the ferrite in the DP structures 

strongly depended on the initial grain size of the starting ferritic structures. 

 

4. In the DP structures, almost all martensite formed along grain boundaries of ferrite 

irrespective of the grain size, resulting in so-called network-shaped DP structures.  This result 

indicated that austenite preferentially nucleated on grain boundaries of ferrite in the intercritical 

heat treatment.  The fraction of martensite was nearly identical (~43 %) in the various grain-

sized DP structures. The crystallographic orientation of all the DP specimens was nearly 

random without strong texture.  As a result, the dominant factors which may affect 
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mechanical properties of the DP structures studied in following chapters would be the grain 

size and the hardness ratio between ferrite and martensite. 
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CHPATER 3 

MECHANICAL PROPERTIES OF FERRITIC AND DUAL PHASE STEELS WITH 

DIFFERENT GRAIN SIZES 

 

3.1 Introduction 

It is well-known that grain refinement in metals is one of the most effective ways to improve 

strength of metals without addition of other elements.  The relation between strength and grain 

size can be expressed by the following empirical equation, also known as Hall-Petch relation 

(Eq. (3-1)). 

σ = 𝜎0 + 𝑘𝑑𝑑
−
1

2                                                      Eq. (3-1) 

where σ0, kd and d denote friction stress, Hall-Petch slope and mean grain size, respectively.  

According to this equation, the strength increases linearly with increasing inverse square root 

of mean grain size.  Although the strength is substantially enhanced by the grain refinement, 

grain-refined materials generally show a poor ductility due to occurrence of plastic instability 

at early stage of deformation [1].  Enhancing ductility of grain-refined materials has been 

always a critical issue.  It is considered that uniform elongation would be enhanced only if 

the early plastic instability can be delayed.  Recently, on the other hand, Takata et al. [2] 

reported that in ultrafine-grained Cu-Cr-Zr alloy the strain hardening rate was enhanced by 

precipitates control in the Cu matrix, results in an increase in uniform elongation.  This result 

indicates that improving strain hardening rate is a key factor to effectively delay early plastic 

instability in the fine grained materials.  Thus, it can be clearly understood that increasing 

strain hardening rate would be the breakthrough to enhance ductility as well as high strength 

in grain-refined materials.    

On the other hand, many research groups reported that grain-refined dual-phase (DP) steel 

composed of ferrite and martensite showed high strength without sacrificing tensile ductility 
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[3-7].  Calcagnotto et al. [3, 4] reported that grain-refined DP structure had much higher strain 

hardening rate than conventional coarse grained one did, which resulting in large uniform 

elongation in the fine grained DP steel.  Son et al. [5] explained the reason that high strain 

hardening rate in grain-refined DP structure was deeply related to high density of mobile 

dislocation throughout ferrite matrix because inter-martensite spacing became small by grain 

refinement.  However, it seems difficult to characterize ductile property of DP structure, 

especially local elongation, with the only term of strain hardening rate.  It is considered 

necessary to make clear ductility of DP structure, as well as strength, in the uniform and local 

elongation regions.  With the development of advanced analysis technique, on the other hand, 

digital image correlation (DIC) method has been established, which is a digital image-

processing technique to determine displacement or strain during deformation [8].  It is 

expected that quantitative and simultaneous measurement for strain can be obtained through 

DIC technique during tensile deformation.  The study in this chapter has two objectives: to 

enhance mechanical properties of ferritic and DP structures by grain refinement, and to 

investigate the macroscopic strain of DP structures during tensile deformation by DIC analysis. 

 

3.2 Experimental procedures 

3.2.1 Tensile test 

In order to evaluate mechanical properties of ferritic and DP structures with different grain 

sizes, tensile test was carried out at room temperature with a strain rate of 8.3×10-4s-1 on the 

tensile machine (SHIMAZU AG-X plus).  Tensile test specimen with 10 mm in gauge length, 

5 mm in gauge width and 1 mm in thickness was prepared as shown in Fig. 3.1.  An 

extensometer was attached on the tensile specimen for a precise measurement of displacement.  

In order to estimate strain-rate sensitivity, strain rate jump test was performed by changing 

strain rate during tensile test ranging from 8.3×10-4 s-1 to 8.3×10-3 s-1.  
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Figure 3.1 Schematic illustration of the tensile test specimen. 

 

3.2.2 Digital image correlation (DIC) technique  

In order to measure strain of tensile specimen during deformation, a digital image correlation 

(DIC) technique was used in this study.  For the macroscopic strain measurement, the surface 

of tensile specimen was sprayed with black- and white-contrast particles to make random 

pattern which act as markers for DIC analysis as shown in Fig. 3.2 (a).  The image of tensile 

specimen was sequentially captured by charge-coupled device (CCD) camera as a frequency 

of 5 frame per second (5 fps) during tensile deformation until fracture.  Displacement or strain 

could be then calculated using the captured images by the commercial digital image correlation 

software (Vic-2DTM 2009 powered by Correlated Solutions, Inc.) as shown in Fig. 3.2 (b).  

The strain was visualized in von-Mises equivalent strain ranging from 0 to 0.3 assuming the 

plain strain condition (ε13=ε23=ε33=0), as expressed in Eq. (3-2).  The subscript of 1,2 and 3 

represent tensile, transverse and normal direction (parallel to normal vector on the plane of 

tensile specimen), respectively. 

ε𝑒𝑞 = √
4

9
(𝜀11
2 + 𝜀22

2 + 𝜀11𝜀22) +
4

3
𝜀12
2                                      Eq. (3-2) 

where ε11 and ε22 components denote normal strain towards tensile and transverse direction, 

respectively.  ε12 component is defined as a shear strain. 

 

5
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Figure 3.2 Preparation of the tensile specimen for digital image correlation (DIC) (a) and 

schematic illustration of strain measurement in DIC analysis (b). 

 

3.2.3 Hardness test  

  In order to measure the hardness of ferrite and martensite in DP structures with different 

grain sizes, hardness test was carried out by nano indentation test (TI 950 TriboIndenter, 

Hysitron Inc.). 

 

3.3 Results and discussion 

3.3.1 Mechanical properties of ferritic specimens with different grain sizes 

Figure 3.3 shows nominal tensile stress-strain curves of the ferritic structures with different 

ferrite grain sizes ranging from 47.5 μm to 4.5 μm.  It was found that the yield strength and 

the tensile strength increased with decreasing the ferrite grain size, and that the yield-drop 

phenomenon and Lüders deformation were obviously recognized in all the ferrite-structured 

specimens, which is the typical case of plane steels.  The Lüders elongation greatly increased 

in the fine-grained ferritic structure with the grain size of 4.5 μm compared with which in other 

coarse-grained ferritic structures.  On the other hand, the uniform elongation and total 

elongation in ferritic structure with the grain size of 4.5 μm slightly decreased compared with 
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coarse-grained ferritic structures.  The mechanical properties obtained from the tensile test 

are summarized in Table 3.1. 

 

 

Figure 3.3 Stress-strain curves of the ferritic specimens with different grain sizes ranging from 

47.5 μm to 4.5 μm.  

 

Table 3.1 Mechanical properties of ferritic structures with different grain sizes obtained by 

tensile test. 

 

 

  Figure 3.4 shows lower yield strength (YS), ultimate tensile strength (UTS), uniform 
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elongation (UE) and total elongation (TE) of the ferritic structures with different grain sizes 

obtained from tensile tests as a function of inverse square root of the mean grain size.  It is 

apparently found that the strength (YS and UTS) increases with decreasing grain size.  The 

uniform elongation was almost same even though the grain size was substantially decreased.  

On the other hand, the total elongation of fine-grained ferritic structure with the grain size of 

4.5 μm decreased (0.39), meanwhile other ferritic structures with the grain size ranging from 

47.5 μm to 10.3 μm had almost same total elongation (approximately 0.45). 

 

 

Figure 3.4 Strength and elongation changes as a function of inverse square root of the grain 

size. 

 

  In addition, the yield stress, the flow stress at 5% and 10% strain and the ultimate tensile 

strength were plotted as a function of inverse square root of the mean grain size as shown in 

Fig. 3.5.  The lower yield strength was taken as the yield strength due to occurrence of yield 

drop phenomenon in all the ferritic structures.  It was found that the relation between the flow 
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stress and mean grain size satisfied Hall-Petch relation as shown in Eq. (3.1).  The Hall-Petch 

slope, kd, corresponding to the slope in Fig 3.5 slightly decreased after yielding.  This result 

indicated that work hardenability, defined as the difference between YS and UTS, has changed 

with decreasing grain size.  The work hardenability of ferritic structures with grain size of 

47.5 μm, 22.1 μm, 10.3 μm and 4.5 μm was 191, 156, 149 and 125 MPa, respectively.  From 

the result, it can be said that work hardenability apparently decreases with decreasing ferrite 

grain size. 

 

 

Figure 3.5 Flow stresses at lower yield strength (Y.S.), applied strain of 0.05, 0.1 and ultimate 

tensile strength (T.S.) plotted against the inverse square root of the mean grain size in ferritic 

structures.  

 

3.3.2 Mechanical properties of dual-phase specimens with different grain sizes 

Figure 3.6 shows nominal stress-strain curves of the DP specimens with the ferrite grain 

size of 58.3 μm (a), 8.2 μm (b) and 4.1 μm (c).  The mechanical properties obtained from 
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tensile test are summarized in Table 3.2.  It was clearly confirmed that the strength greatly 

increased with decreasing grain size.  The yield strength (YS) of DP structures ((a-c) in Fig. 

3.6) was 409 MPa, 468 MPa and 535 MPa, respectively.  The ultimate tensile strength (UTS) 

of them ((a-c) in Fig. 3.6) was 712 MPa, 806 MPa and 896 MPa, respectively.  The work 

hardening capability, defined as the difference between YS and UTS, of DP structures with 

grain size of 58.3 μm, 8.2 μm and 4.1 μm was 303, 338 and 361 MPa, respectively.  It can be 

considered that the work hardenability was fairly enhanced by grain refinement, which was in 

contrast to the case in ferritic structures.  On the other hand, the uniform elongation of the 

specimens with the ferrite grain size of 58.3 μm, 8.2 μm and 4.1 μm were 0.086, 0.103 and 

0.098, respectively.  This result indicated that uniform elongation (UE) in fine-grained DP 

specimens ((b and c) in Fig. 3.6) slightly increased compared with their coarse-grained 

counterparts ((a) in Fig. 3.6).  Moreover, the total elongation (TE) of the specimens with the 

ferrite grain size of 58.3 μm, 8.2 μm and 4.1 μm were 0.155, 0.198 and 0.219, respectively.  

From these results of uniform and total elongation, it can be said that post uniform elongation 

(i.e., elongation to fracture after necking) is greatly improved by grain refinement.  It is 

noteworthy that tensile ductility, as well as strength, is greatly enhanced by grain refinement in 

DP structure, which is not the typical case in grain-refined materials. 
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Figure 3.6 Nominal stress-strain curves of dual-phase (DP) structures with the ferrite grain 

size of 58.3 μm (a), 8.2 μm (b) and 4.1 μm (c). 

 

Table 3.2 Mechanical properties of dual-phase (DP) structures with different grain sizes 

obtained from tensile tests. 

 

 

  Figure 3.7 displays strength and elongation changes as a function of inverse square root of 

the ferrite grain size in DP structures obtained from tensile tests.  This result obviously 

indicated that strength (expressed in red symbol in Fig. 3.7) considerably increased with 

decreasing ferrite grain size in DP structures, which satisfying Hall-Petch relation.  Moreover, 
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the elongation (expressed in blue symbol in Fig. 3.7), especially total elongation, was also 

greatly enhanced with decreasing ferrite grain size in DP structures. 

 

 

Figure 3.7 Strength and elongation changes as a function of inverse square root of the ferrite 

grain size in DP structures. 

 

Figure 3.8 reveals ultimate tensile strength (UTS) and total elongation (TE) balance of DP 

structures with different grain sizes.  In this figure, it was clearly recognized that fine-grained 

DP structure (dF=4.1 μm) showed good balance between strength and ductility.  In general, 

the balance between strength and ductility has contradictive relationship (i.e., so-called trade 

off relationship).  However, in this study, the DP structure had improved ductility as well as 

having high strength by grain refinement.  It is considered that this distinctive result shown in 

this study is attributed to microstructural feature of DP structure.  In order to account for the 

reason for improved mechanical properties shown in the grain-refined DP structures, 

deformation behavior of DP structures was investigated mainly from the viewpoint of strain by 
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DIC analysis.  

 

 

Figure 3.8 Ultimate tensile strength (UTS) and total elongation (TE) balance of DP structures 

with different grain sizes. 

 

3.3.3 Strain localization during tensile test 

As mentioned above, the grain-refined DP structure has appropriately large elongation, 

especially total elongation as well as having high strength.  In order to clarify deformation 

behavior of DP structures with different grain sizes, strain distribution of each tensile specimen 

was investigated by DIC analysis.  Figure 3.9 shows von-Mises equivalent strain maps of the 

tensile specimens with the ferrite grain size of 58.3 μm (a), 8.2 μm (b) and 4.1 μm (c) at an 

applied strain of 4 %, 8 %, 15.5 % and 20 %, respectively.  It was found that all of the 

specimens (Fig. 3.9 (a-c)) had homogeneous distribution for equivalent strain over the tensile 

specimen gauge part when the strain was increased up to 8 %, which is smaller than the uniform 

elongation of all of the specimens.  As the strain increased to 15.5 %, which is equivalent to 

the total elongation of the coarse-grained DP structure (dF=58.3 μm), strain localization (i.e., 
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macroscopic necking) occurred in all the specimens.  When the strain was increased to larger 

than 15.5%, although at same strain stage the coarse-grained DP structure (Fig. 3.9 (a)) 

revealed much stronger strain concentration than fine-grained structures.  Furthermore 

increased in applied strain to 20 %, the strain in the fine-grained DP structures (Fig. 3.9 (b) and 

(c)) was also more concentrated than at the former stage (e=15.5 %).  Thus, from these results 

it can be confirmed that DP structured specimens actually show homogeneous deformation 

until uniform elongation and the strain concentration occurred after uniform elongation.  

Furthermore, it is noteworthy that strain localization in necked region was suppressed 

effectively with decreasing grain size, resulting in delayed fracture.  That is why the fine-

grained DP structure shows larger total elongation than their coarse-grained counterpart.  

 

 

Figure 3.9 Local strain distribution changes in the DP specimens with grain size of 58.3 μm 

(a), 8.2 μm (b) and 4.1 μm (c) at the applied strain of 5 %, 10 %, 15.5 % and 20 %.  
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For the quantitative evaluation of strain localization, equivalent strain at strain-concentrated 

region was investigated at each applied strain.  Figure 3.10 shows strain history in strain-

concentrated region of DP structures with different grain sizes during tensile deformation 

obtained from DIC analysis.  It was confirmed that the strain in the uniform elongation 

increased along the dashed line corresponding to uniform deformation.  On the other hand, 

when the applied strain increased to 15 %, equivalent strain in coarse-grained DP structure 

drastically increased and deviated from the dashed line, which is in sharp contrast to the fine-

grained DP structures.  As the applied strain was further increased, the increment of 

equivalent strain in fine-grained DP structures was also accelerated.  On the other hand, the 

equivalent strain right before fracture for DP structures with the ferrite grain size of 58.3 μm, 

8.2 μm and 4.1 μm was 0.32, 0.58 and 0.85, respectively.  From this result, it can be said that 

the fine-grained DP structure shows stable deformation, suppressing large strain localization, 

after occurrence of the macroscopic necking. 

 

 

Figure 3.10 Strain history in strain-concentrated region of DP structures with different grain 

sizes during tensile deformation.  
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  It is considered necessary to investigate strain profile along tensile direction in order to 

clarify strain evolution during tensile deformation.  Figure 3.11 shows strain profiles along 

tensile direction of the gauge part of DP structures with the grain size of 58.3 μm (a), 8.2 μm 

(b) and 4.1 μm (c) by DIC line analysis during deformation.  Firstly, it is obviously found that 

the strain of tensile specimens gradually increases with increasing applied strain.  The strain 

distribution at the applied strain stage of 5 % (expressed in blue on Fig. 3.11) which is within 

uniform elongation is homogeneous in all the specimens.  However, it was recognized that 

strain was locally concentrated at the applied strain stage of 15 % (expressed in yellow on Fig. 

3.11), which is corresponding to the macroscopic necking in tensile specimen.  The coarse-

grained DP structure (Fig. 3.11 (a)) fractured at the applied strain of 15.5 % with the maximum 

equivalent strain of 0.32.  By contrast, fine-grained DP structures (Fig. 3.11 (b) and (c)) were 

more deformed up to applied strain of 19.8 % and 21.9 % with the maximum equivalent strain 

of 0.58 and 0.85, respectively.  From these results, it can be said that fine-grained DP 

structures are able to have much larger capacity for deformation than coarse-grained one.   
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Figure 3.11 Equivalent strain profiles obtained from DIC analysis of DP structures with the 

grain size of 58.3 μm (a), 8.2 μm (b) and 4.1 μm (c).  
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  Figure 3.12 reveals strain profiles of different grain-sized DP structures right before 

occurrence of fracture by DIC line analysis during deformation.  The fine-grained DP 

structure (4.1 μm; expressed in blue) had large strain with very broad strain-concentrated region, 

while coarse-grained DP structure (58.3 μm; expressed in red) had small strain without 

appropriate propagation of strain before fracture.  

 

 

Figure 3.12 Strain profiles of different grain-sized DP structures right before occurrence of 

fracture obtained from DIC line analysis. 

 

In the DP structures, it is known that there is several factors which affect mechanical 

properties such as volume fraction, distribution of martensite, hardness ratio between two 

phases and grain size.  We already confirmed from the microstructure observation that volume 

fraction (fM~0.43) and distribution (network-shaped) were nearly identical in all of the 

specimens.  In addition, in order to confirm hardness of ferrite and martensite, hardness test 

was conducted by nano indentation.  The result of hardness of each phase was summarized in 
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Table 3.3.  This result indicates that the hardness of martensite is much higher than that of 

ferrite, and the measured hardness ratio between two phases shows almost identical value, 

which was irrespective of the grain size.  Thus, it is considered that the excellent mechanical 

properties demonstrated in fine-grained DP structure come from grain size or interaction 

between two phases since other variables are almost constant. 

 

Table 3.3 Hardness of each phase in DP structures with different grain sizes obtained by nano 

indentation. 

 

 

3.3.4 Strain-rate sensitivity 

  It was clear that fine-grained DP structure showed considerably large local elongation (post 

uniform elongation) compared with coarse-grained DP structures. Generally, local strain 

changes can be explained with strain-rate sensitivity, m, by strain rate jump test during tensile 

test, which is defined as following Eq. (3-3).   

𝑚 =
𝜕𝑙𝑛𝜎

𝜕𝑙𝑛�̇�
                                                            Eq. (3-3) 

where σ and ε
・

 denote true stress and strain rate, respectively. Several studies showed that the 

post uniform elongation strongly depends on the strain rate sensitivity, the so-called m value 

of the material [9].  Kim et al. [9], studying on ultrafine-grained Al alloy, reported that 

ultrafine-grained Al alloy (Al-Fe-Si) showing large local elongation had higher strain-rate 

sensitivity than the coarse-grained starting material.  Figure 3.13 displays the tensile stress-
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strain curves for DP structures with different grain sizes, during which the strain rate jump test 

was performed by changing the strain rate ranging from 8.3×10-4 s-1to 8.3×10-3 s-1.  This result 

indicated that stress slightly increased when strain rate increased from 8.3×10-4 s-1 to 8.3×10-3 

s-1 in all the DP specimens.  After that, when the strain rate decreased from 8.3×10-3 s-1 to 

8.3×10-4 s-1, stress clearly decreased.  With this result obtained from strain rate jump test, 

strain-rate sensitivity m was estimated according to equation (3-3) and shown in Table 3.4.   

It was found that m was nearly identical (m~0.010) for all of the specimens and irrespective of 

grain size.  Thus, it seems difficult to explain improvement of local elongation in fine-grained 

DP structure by the strain-rate sensitivity.  It is considered that the enhancement of local strain 

in fine-grained DP structure might be attributed to the microstructural features, whose details 

will be discussed in Chapter 4. 

 

 

Figure 3.13 Strain rate jump test ranging from 8.3×10-4 s-1 to 8.3×10-3 s-1 for DP structures 

with different grain sizes during tensile deformation. 
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Table 3.4 strain-rate sensitivity of different grain-sized DP structures 

 

 

3.4 Conclusions 

  In the present study, the mechanical properties of ferritic and DP structures with different 

grain sizes were evaluated to clarify grain size effect of them, using tensile test with DIC 

analysis.  The results obtained in this chapter are summarized below: 

 

1. Mechanical properties of ferritic structures with different grain sizes were evaluated by a 

uniaxial tensile test at a strain rate of 8.3×10-4 s-1 and room temperature.  The yield strength 

and ultimate tensile strength substantially increased with decreasing grain size.  The flow 

stress of each grain-sized specimen satisfied Hall-Petch relation.   

 

2. Mechanical properties of DP structures having different grain sizes were performed by the 

uniaxial tensile test.  With deceasing the grain size of DP structure, the mechanical properties 

(strength and elongation) was greatly enhanced, which is not the typical case of grain-refined 

materials.  

 

3. Strain evolution during tensile deformation could be measured by digital image correlation 

(DIC) analysis.  The equivalent strain increased homogeneously over tensile specimen’s 

gauge part when increasing applied strain up to 8 %, which is smaller than the uniform 

elongation of all the specimens.  On the other hand, the maximum local strain right before 

fracture for DP structures with the ferrite grain size of 58.3 μm, 8.2 μm and 4.1 μm was 0.32, 



59 

  

0.58 and 0.85, respectively.  The fine-grained DP structure shows stable deformation even 

after occurrence of the macroscopic necking, resulting in increasing the total elongation. 

 

4. Strain-rate sensitivity of different grain-sized DP structures was investigated by strain rate 

jump test to clarify improvement of local strain in fine-grained DP structure.  Strain-rate 

sensitivity, m, obtained was nearly identical (m~0.010) and irrespective of grain size.  It seems 

difficult to explain improvement of local elongation shown in fine-grained DP structure with 

an increase in strain-rate sensitivity.  It is considered necessary to carry out investigation in 

micro scale for the deformation behavior after necking. 
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CHPATER 4 

CHARACTERIZATION OF DEFORMATION BEHAVIOR OF DUAL PHASE STEELS 

HAVIING DIFFERENT GRAIN SIZES 

 

4.1 Introduction 

As mentioned in Chapter 3, the fine-grained DP structure having the ferrite grain size of 4.1 

μm showed excellent mechanical properties in both strength and tensile ductility (especially 

total elongation) compared with the coarse-grained structure.  From the result of DIC analysis, 

it was found that the strain localization in fine-grained DP structure was effectively suppressed 

even after occurrence of macroscopic necking, resulting in a large local elongation.  In order 

to clarify the reason for improvement of the elongation by grain refinement, it is considered 

necessary to investigate microscopic strain-partitioning between ferrite and martensite by DIC 

analysis.  By using the DIC technique, Park et al. [1] confirmed that plastic strain of each 

phase in DP structure was apparently distinguishable, which showed large strain concentration 

in ferrite, and additionally reported that the strain of each phase in network-shaped DP structure 

became more homogeneous than that in isolated counterpart.  It is thought that homogeneous 

deformation shown in network-shaped DP structure results from a number of interface between 

ferrite and martensite.  Referencing to this result mentioned above, there seems to be a 

possibility to obtain different strain distribution by changing the grain size of the DP structure 

due to effect of interface between ferrite and martensite.    

On the other hand, since two phases having different mechanical properties are mixed up in 

DP structures, stress-partitioning is likely to occur during deformation.  Recently, in-situ 

neutron beam diffraction have been used to study the mechanical behavior of steels containing 

more than one phase (austenite + ferrite, ferrite + cementite and ferrite + martensite, etc.) [2-

5].  Morooka et al. [3], using neutron beam diffraction experiment with DP steels, reported 
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that martensite had much higher stress than ferrite during deformation.  This result indicates 

that stress-partitioning between ferrite and martensite always occurs in DP steels even in the 

region of uniform elongation.  In this chapter, stress-partitioning between two phases of DP 

structures with different grain sizes will be investigated by in-situ neutron beam diffraction 

experiment.  Here, the objective in this chapter is to clarify deformation behavior of each 

phase in different grain-sized DP structures from the view point of strain and stress by DIC 

analysis and in-situ neutron beam diffraction experiment.    

 

4.2 Experimental procedure 

4.2.1 Materials 

  DP structures with the ferrite grain size of 58.3 μm, 8.2 μm and 4.1 μm obtained from the 

various heat treatments (intercritical annealing at 740 °C after austenitizing heat treatments at 

950 °C, 830 °C or repetitive heat treatment at 810 °C) shown in Fig. 2.1 (b) and Fig. 2.2 were 

used in this study to clarify deformation behavior (strain-partitioning and stress-partitioning).  

 

4.2.2 Local chemical composition 

  Local chemical composition, especially Mn composition, of ferrite and martensite phases in 

DP structures with different grain sizes was characterized by energy dispersive X-ray analysis 

(EDX, EDAX Inc.) under an accelerated voltage of 15 kV.  The results obtained by EDX were 

expressed by mapping of Mn with corresponding SEM image. 

 

4.2.3 Nano indentation hardness test 

For investigating hardness for ferrite and martensite, hardness test was performed under 

condition of a load of 30 μN with a loading, holding and unloading time of 0.3 s, 0.5 s and 0.2 

s, respectively by nano indentation test (TI 950 TriboIndenter, Hysitron Inc.).  Figure 4.1 
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shows schematic illustration of nano indentation hardness test (a) and load-displacement result 

of ferrite at loading and unloading condition obtained from nano indentation hardness test (b).  

 

 

Figure 4.1 Schematic illustration of nano indentation hardness test (a) and load-displacement 

result of ferrite at the loading and unloading condition obtained from nano indentation hardness 

test (b). 

 

It is known that the hardness by nano indentation can be estimated by the following Eq. (4-

1) [6]. 

𝐻 =
𝑃𝑀𝐴𝑋

𝐴𝐶
                                                            Eq. (4-1) 

where H, PMAX and AC denote hardness, load at maximum and contact area shown in Fig. 4.1 

(a).  If the contact area, AC, can be calculated, the hardness, H, would be determined.  The 

contact area, AC, can be calculated by following two equations (Eq. (4-2) and Eq. (4-3)).  

𝐴𝐶 = 𝑓(ℎ𝐶)                                                          Eq. (4-2) 

ℎ𝐶 = ℎ𝑀𝐴𝑋 − 𝜀
𝑃𝑀𝐴𝑋

𝑆
                                                   Eq. (4-3) 

where hC, ε and S are the height at contacted condition, material constant of tip (ε=0.75) and 

the slope at unloading, as shown in Fig. 4.1 (b).  When the height at contacted condition, hC, 
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can be determined by two equations above, contact area, AC, can be also calculated from the 

geometry of tip, represented as function, f.  

 

4.2.4 Digital image correlation (DIC) technique in microstructure 

 For the microscopic strain measurement, the tensile specimen was electrolytic polished 

prior to the tensile test in order to clearly observe the microstructures by SEM. The tensile test 

was then performed and interrupted at different given strain stages and SEM images of the 

deformed microstructures was taken during each interruptions. By comparing the deformed 

microstructures with the non-deformed microstructure, the strain evolution and strain 

partitioning on ferrite phase and martensite phase in microscale can be calculated by the DIC 

software.  Square-shaped grid was milled by focused ion beam (FIB) with Ga source on the 

polished surface prior to the tensile test. Those grids can be recognized as excellent digital 

image patterns by the DIC software and hence greatly enhance the precision of the calculations.  

Figure 4.2 exhibits the non-deformed (a) and 7.5 % tensile-deformed (b) SEM images of DP 

structure with the ferrite grain size of 8.2 μm.  It was confirmed that microstructure of DP 

structure apparently changed by tensile-deformation.  The grid shape previously introduced 

on the surface was also changed by deformation.  The plastic strain of each phase was 

investigated by using the images of non-deformed and deformed microstructure through the 

DIC analysis.  
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Figure 4.2 SEM images of non-deformed (a) and 7.5 % tensile-deformed (b) DP structure with 

the ferrite grain size of 8.2 μm. 

 

4.2.5 In-situ neutron beam diffraction experiment during tensile deformation 

4.2.5.1 In-situ neutron beam diffraction 

  In order to measure elastic strain of each phase in DP structure during tensile deformation, 

neutron beam diffraction was used in this study.  The tensile test for the DP structure with 

different grain sizes was carried out at room temperature at a strain rate of 8.3×10-4 s-1.  Tensile 

test specimen with 12 mm in gauge length and 3 mm in gauge width was prepared, as shown 

in Fig. 4.3. 
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Figure 4.3 Schematic illustration of the tensile test specimen for in-situ neutron beam 

diffraction in J-PARC / TAKUMI.  

 

  The equipment (TAKUMI) used in this study (a) and schematic illustration for the in-situ 

neutron beam diffraction experiment (b) are shown in Fig. 4.4.  The tensile tester was 

mounted on the equipment with loading axis of 45 degree turned to incident beam.  Two 

detectors to collect diffraction peaks were installed with an angle of ±90 degree for the loading 

axis.  Setting up tensile tester and equipment with fixed angle relationship, we can obtain 

lattice parameter (d-spacing) of each (hkl) plane parallel and transverse to the tensile direction 

by converting the time of flight (TOF) into lattice parameter. 
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Figure 4.4 Equipment (BL-19 TAKUMI in J-PARC) (a) and schematic illustration for the in-

situ neutron beam diffraction experiment (b). 

 

4.2.5.2 Controlling load and displacement in neutron beam diffraction experiment 

  In order to collect enough peak information, tensile test was suspended and kept for 600 s 

maintaining load or displacement.  Figure 4.5 shows nominal stress of DP structures with 



68 

  

different grain sizes with elapsed time, controlling load or displacement.  In the elastic and 

plastic regions, the specimens were controlled by load and displacement, respectively.  The 

applied stress at the each condition was taken as relaxed stress in plastic region.  

 

 

Figure 4.5 Nominal stress of DP structures with different grain sizes with elapsed time 

controlling load (in elastic region) or displacement (in plastic region). 

 

4.2.5.3 Measurement of elastic strain  

  The in-situ neutron beam diffraction provides the information for d-spacing of each (hkl) 

plane, converting time of flight (TOF) into lattice parameter (d-spacing) by Z-Rietveld analysis.  

Figure 4.6 displays d-spacing of (110) plane of fine-grained DP structure (4.1 μm) non-

deformed (a) and tensile-deformed to 771 MPa (b) obtained from in-situ neutron beam 

diffraction experiment.  It is confirmed that the peak shape for (110) is slightly asymmetric 

((Fig. 4.6 (a)), which is considered that the peak of martensite having a larger d-spacing than 

ferrite is included with obtained peak.  Furthermore, it is found that the peak shape under 
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applied stress of 771 MPa becomes more asymmetric ((Fig. 4.6 (b)).  These indicate that the 

martensite has much larger d-spacing change than ferrite by applied stress.  In addition, it is 

known that martensite in a low carbon steel generally has body-centered cubic (BCC) structure, 

not body-centered tetragonal (BCT) [7].  As a result, it seems possible that peak obtained from 

experiment can be separated into ferrite and martensite (expressed in red and blue, respectively 

in Fig. 4.6) with mixed Gaussian / Lorentzian function.  The elastic lattice strain, εe
hkl, can be 

calculated with change of d-spacing at the given applied stress by the following Eq. (4-4).  

𝜖ℎ𝑘𝑙
𝑒 =

𝑑ℎ𝑘𝑙−𝑑ℎ𝑘𝑙
0

𝑑ℎ𝑘𝑙
                                                      Eq. (4-4) 

where d0
hkl and dhkl are d-spacing of (hkl) plane at non-deformed and deformed conditions, 

respectively.  Using d-spacing change, elastic lattice strain of each phase can be estimated at 

the given applied stress.  

 

Figure 4.6 D-spacing of (110) plane of fine-grained (4.1 μm) DP structures non-deformed (a) 

and tensile-deformed to 771 MPa (b) obtained from in-situ neutron beam diffraction 

experiment. 

 

4.3 Results 

4.3.1 Local chemical composition of Mn 
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  Local chemical composition of Mn of each phase was investigated by EDX analysis.  

Figure 4.7 shows SEM images and corresponding Mn composition (wt. %) maps for DP 

structures with the grain size of 4.1 μm (a, c), 58.3 μm (b, d), respectively and exhibits 

quantitative analysis for Mn composition (e).  It is found that average Mn composition in the 

measured region is approximately 2.0 wt. %, which has a good agreement with average Mn 

composition of the specimen (2Mn-0.1C steel) shown in Table 2.1.  On the other hand, it 

could be seen that martensite had more Mn than ferrite in fine-grained DP structure (4.1 μm), 

meanwhile ferrite and martensite in the coarse-grained DP structure (58.3 μm) had almost same 

Mn composition with slightly high Mn composition on the interface.  It is considered 

necessary to discuss with diffusion distance of Mn shown in Eq. (4-5) to explain the 

considerable difference of Mn composition by grain size.  

𝑑 = √𝐷𝑡                                                            Eq. (4-5) 

where d, D and t are diffusion distance for Mn to move into austenite (or martensite), diffusion 

coefficient and time, respectively.  Since the diffusion coefficient, D, is a function of 

temperature and activation energy, it does not seem to change so much between fine- and 

coarse-grained DP structures, owing to having same temperature for intercritical annealing.  

On the other hand, considering heat treatment time, t, (30 min for fine-grained DP and 120 min 

for coarse-grained DP structure), the diffusion distance, d, in coarse-grained DP is at most two 

times as far as fine-grained counterpart.  As a consequence, it is thought that the coarse-

grained DP structure does not have enough diffusion distance for Mn to move to austenite 

during heat treatment for only 120 min, because the grain size of coarse-grained DP structure 

(58.3 μm) is ten times larger than that in fine grained one (4.1 μm).  However, it seems 

difficult to explain mechanical properties with Mn composition only, because effect of C 

composition and grain size of each phase should be considered. 
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Figure 4.7 SEM images and Mn composition (wt. %) maps of DP structures with the grain size 

of 4.1 μm (a, c), 58.3 μm (b, d), respectively and exhibits quantitative analysis for Mn 

composition (e). 

 

4.3.2 Hardness of each phase  

  In order to make clear the difference of mechanical properties of ferrite and martensite, 
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hardness of each phase was investigated by nano indentation hardness test with different grain-

sized DP structures.  Figure 4.8 shows the scanning probe microscopy (SPM) images and 

corresponding hardness maps of DP structures with the ferrite grain size of 58.3 μm (a), 8.2 

μm (b), 4.1 μm (c) and their quantitative results of hardness (d) by nano indentation test.  

Figure 4.9 also displays histograms for hardness of each phase in DP structures with the grain 

size of 58.3 μm (a), 8.2 μm (b) and 4.1 μm (c).  It is obviously confirmed that the hardness of 

martensite is much higher than that of ferrite in all the specimens.  It is noteworthy that the 

each phase has almost same hardness, irrespective of grain size.  Therefore, it is thought that 

improvement of mechanical properties shown in fine-grained DP structure (Fig. 3.6 (c)) does 

not come from strength each phase has.  It is considered that effect of grain size or interface 

plays important roles in enhancing strength.  In order to clarify the reason for excellent 

mechanical properties by grain refinement, it is necessary to systematically investigate strain 

and stress of each phase during deformation with changing grain size.   

 

 

 

 

 

 



73 

  

 

 

Figure 4.8 Scanning probe microscopy (SPM) images and hardness maps for DP structures 

with the ferrite grain size of 58.3 μm (a), 8.2 μm (b), 4.1 μm (c) and their quantitative results 

for hardness (d) by nano indentation test. 
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Figure 4.9 Hardness distribution of each phase in DP structures with the ferrite grain size of 

58.3 μm (a), 8.2 μm (b) and 4.1 μm (c). 

 

4.3.3 Strain distribution of each phase 

The macroscopic deformation behavior of DP specimens having different grain sizes was 

investigated in the previous chapter by DIC analysis.  It was found that DP structures had 

homogeneous strain distribution in uniform elongation and that fine-grained DP structure 

effectively suppressed strain localization after macroscopic necking.  In order to understand 

the details, microscopic deformation behavior in strain was also investigated.  Figure 4.10 

shows equivalent plastic strain maps of 7.5 % tensile-deformed DP structures with the ferrite 

grain size of 58.3 μm (a), 8.2 μm (b) and 4.1 μm (c).  The strain maps were overlapped with 

the tensile-deformed SEM images.  These strain maps obviously revealed that plastic strain 
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was concentrated principally in ferrite phase in common.  It is found that strain-partitioning 

between ferrite and martensite actually occurs even within uniform elongation, although 

macroscopic strain is distributed homogeneously.  On the other hand, in the coarse-grained 

DP structure ((a) in Fig. 4.10), a number of regions corresponding to martensite were hardly 

deformed, while ferrite had very large plastic strain larger than 0.2 (expressed in red in the 

strain maps).  The DP structure with the ferrite grain size of 8.2 μm ((b) in Fig. 4.10) showed 

similar tendency to coarse-grained one (58.3 μm) in strain distribution.  By contrast, fine-

grained DP structure ((c) in Fig. 4.10) showed much more homogeneous deformation without 

markedly strain-concentrated region larger than strain of 0.2.  This result of fine-grained DP 

structure indicates that martensite, which is hardly deformed in coarse-grained DP structure, 

has pretty adequate strain.   

 

 

Figure 4.10 (Continued) 
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Equivalent strain maps obtained from DIC analysis of the 7.5 % tensile-deformed DP structures 

with grain size of 58.3 μm (a), 8.2 μm (b) and 4.1 μm (c). 

 

Based on the DIC analysis, quantitative evaluation for strain was performed expressing 

frequency of plastic strain for each phase.  Figure 4.11 shows strain histograms in the 

approximately 7.5 % tensile deformed DP specimens with the ferrite grain size of 58.3 μm (a), 

8.2 μm (b) and 4.1 μm (c).  The equivalent plastic strain for ferrite and martensite was 

displayed in a color of green and red, respectively.  It is clearly found that strain-partitioning 

between ferrite and martensite occurs in all the specimens.  However, the distribution of both 

two phases made a quite large difference with changing grain size.  The fraction of ferrite 

having large strain more than 0.15 in DP structures with the ferrite grain size of 58.3 μm (a), 

8.2 μm (b) and 4.1 μm (c) was 0.16, 0.06 and 0.0046, respectively.  On the other hand, The 

fraction of martensite having small strain less than 0.05 in DP structures with a grain size of 

58.3 μm (a), 8.2 μm (b) and 4.1 μm (c) was 0.37, 0.29 and 0.21, respectively.  It is considered 

that coarse-grained DP structure has much deformed ferrite and less deformed martensite (i.e., 

showing non-homogeneous deformation ) than fine-grained DP structures, even though applied 

strain is near identical (e~7.5 %).  This result indicates that grain refinement of DP structure 

effectively suppresses strain concentration in ferrite, resulting in showing stable deformation. 
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Figure 4.11 Strain distribution within ferrite and martensite in the 7.5 % tensile deformed DP 

structures with grain size of 58.3 μm (a), 8.2 μm (b) and 4.1 μm (c). 

 

4.3.4 Strain localization 

It was obviously confirmed that the tendency of microscopic strain distribution was greatly 

different with changing grain size even within uniform elongation (e~7.5 %).  It is considered 

necessary to investigate strain distribution after macroscopic necking to understand the reason 

for local elongation improvement in fine-grained DP structure.  The increase in local 

elongation of fine-grained DP structure might be attributed to homogeneity of deformation 

between ferrite and martensite after macroscopic necking.  Figure. 4.12 shows strain maps of 

approximately 12 % (after macroscopic necking) tensile-deformed DP structures with the 

ferrite grain size of 58.3 μm (a), 4.1 μm (b) and their equivalent plastic strain profiles obtained 
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from line analysis (c) by DIC analysis.  It is clearly found that the absolute size of strain maps, 

shown in (a) and (b) in Fig 4.12, is considerably different, when they set on the same scale.  

In the (c) shown in Fig. 4.12, the plastic strain profiles for coarse-grained and fine-grained DP 

structure were expressed in a color of red and blue, respectively.  In the coarse-grained DP 

structure, it was found that enormous strain (approximately 0.8) was concentrated in ferrite 

under the applied strain of only 0.118.  In contrast, the strain from four aligned strain maps in 

the fine-grained DP structure was quite small with a maximum plastic strain of 0.38 at most 

under the applied strain of 0.117.  It is noteworthy that these 2 kinds of DP specimens having 

almost same applied strain (0.118 for coarse-grained structure and 0.117 for fine-grained DP 

structure) showed very large difference in strain.  This result would be the important key to 

explain the macroscopic deformation behavior (Fig. 3.9 and Fig. 3.10) from the viewpoint of 

microscopic strain-partitioning between two phases.  Thus, it can be said that the increase in 

local elongation of fine-grained DP structure is attributed to homogeneous deformation not 

accompanying large strain concentration.   
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Figure 4.12 Equivalent strain maps of coarse-grained (a), fine-grained (b) DP structures and 

line profiles of equivalent strain obtained by DIC analysis (c).   

 

4.3.5 Elastic strain partitioning  

4.3.5.1 Change of elastic strain of each phase during tensile deformation 

  The strain during tensile deformation from the view point of the strain was systematically 

investigated by DIC analysis in the previous study.  On the other hand, microscopic strain of 

each phase measured by DIC analysis is a plastic strain only because the DIC analysis is carried 

out with deformed specimens after unloading.  Since plastic strain, sorted by an eigen strain, 

is stress-free strain, it is difficult to directly evaluate stress of each phase with plastic strain.  
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In order to determine stress of each phase, it seems necessary to measure elastic strain at the 

moment of stress applied.  The elastic strain of each phase in DP structures could be measured 

through neutron beam diffraction experiment during deformation.  Figure 4.13 shows elastic 

strain of (110) plane for ferrite and martensite in DP structure with the grain size of 4.1 μm as 

a function of applied stress.  From this result, it was clearly found that elastic strain of two 

phases increased linearly along the line corresponding to Young’s modulus until applied stress 

of approximately 200 MPa, which was within macroscopic yield strength (525 MPa).  

Increased in applied stress larger than 200 MPa, elastic strain of two phases started to deviate 

from the Young’s modulus line.  It was also confirmed that the martensite had very large 

elastic strain after deviating.  By contrast, the elastic strain for ferrite slightly increased, which 

meant that slip deformation, not accompanying increment of elastic strain, was activated.  

Increased more in applied stress to approximately 700 MPa, increment of elastic strain for 

martensite became small.  On the contrary, the elastic strain for ferrite slightly increased after 

applied stress of 700 MPa.  These results indicate that martensite always has higher elastic 

strain than ferrite, and that increment of elastic strain for martensite and ferrite changes at a 

high stress condition.  In addition, it is also noteworthy that elastic strain of each phase 

actually deviates from Young’s modulus even within macroscopic yield strength. 
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Figure 4.13 Elastic strain of (110) plane for ferrite and martensite in DP structure with the grain 

size of 4.1 μm as a function of applied stress. 

 

  Figure 4.14 exhibits schematic illustration of phase elastic strain as a function of applied 

stress based on the experimental result.  The process of elastic strain partitioning between 

ferrite and martensite in DP structure can be subdivided into 3 stages: stage 1,2 and 3.  The 

stage 1 can be defined that elastic strain of two phases increases along Young’s modulus.  

Reached to stage 2, on the other hand, martensite shows very large elastic strain, while ferrite 

mainly starts to activate slip deformation (θ2(H)>> θ2(S)).  Finally, since martenstie starts to slip 

at the stage 3 (the slope of elastic strain of martensite becomes small), ferrite should have much 

larger elastic strain to compensate a loss of elastic strain by slip deformation of martensite 

(θ3(H)< θ3(S)).  
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Figure 4.14 Schematic illustration of phase elastic strain as a function of applied stress based 

on the experimental result. 

 

  With the equipment for in-situ neutron beam diffraction experiment, TAKUMI, elastic strain 

to transverse direction can be also measured by detector 2 shown in Fig. 4.4 (b), as well as 

elastic strain to tensile direction indicated in Fig. 4.13.  Figure 4.15 shows elastic strain to 

tensile and transverse direction of ferrite and martensite in DP structures with the ferrite grain 

size of 58.3 μm (a), 8.2 μm (b), 4.1 μm (c) and summarized results of them (d).  It is found 

that lattice elastic strain to tensile and transverse direction monotonously increases and 

decreases, respectively.  In all the specimens, lattice elastic strain linearly changed along 

young’s modulus, shown in dashed line, within applied stress of approximately 200 MPa.  

Increased more in applied stress, lattice elastic strain-partitioning between two phases occurred 

in all the cases of DP structures.  It should be noted that fine-grained DP structure has much 

higher applied stress having very large absolute elastic strain for martensite than coarse-grained 
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counterparts.  Hence, it can be said that the martensite in fine-grained DP structure has larger 

capacity for elastic strain than that in coarse-grained DP structures.  

 

 

Figure 4.15 Elastic strain to tensile and transverse direction of ferrite and martensite in DP 

structures with the ferrite grain size of 58.3 μm (a), 8.2 μm (b), 4.1 μm (c) and summarized 

results of them (d). 

 

4.4. Discussion 

4.4.1 Principal variables to affect mechanical properties in DP structures 

It is known that there is several factors which affect mechanical properties, such as volume 

fraction, distribution, hardness ratio between two phases and grain size.  We already 

confirmed that volume fraction (fM~0.43) and distribution (network-shaped) were near 
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identical in all the specimens studied.  In addition, in order to confirm hardness ratio between 

two phases, hardness test was conducted by nano indentation.  The result of hardness of each 

phase was summarized in Table 3.3 and Fig.4.8.  From this result of hardness test, it can be 

said that the hardness of martensite is much higher than that of ferrite, and that hardness ratio 

between two phases shows almost same, irrespective of grain size.  Thus, it is considered that 

the novel mechanical properties demonstrated in fine-grained DP structure comes from grain 

size or interaction between two phases because other variables are almost constant.  

 

4.4.2 Strain-partitioning in DP structures 

In a single-phase structure, it can be assumed that strain in each grain and applied strain are 

identical, which is well-known model proposed by Taylor [8].  With this bold assumption, 

deformation behavior in poly-crystalline materials can be estimated with critical resolved shear 

stress (CRSS) and number of cases in slip system.  However, in DP structure composed of 

soft phase (ferrite) and hard phase (martensite), the Taylor model does not seem to be applied 

because strain in each grain is obviously different.  It was clear that ferrite was much more 

deformed than martensite from the results of Fig. 4.10 and Fig. 4.11.  Here, we discuss about 

the strain by the following Eq. (4-5) as known as rule of mixture for strain.  

E = (1 − 𝑓𝑀)𝜀𝐹 + 𝑓𝑀𝜀𝑀                                                     Eq. (4-5) 

where ε and fM denote the strain and the fraction of martensite, and the subscripts F and M 

correspond to ferrite and martensite, respectively.  The strain-partitioning between two phases 

revealed in this study can estimate average strain, E, obtained from Eq. (4-5).  Figure 4.16 

reveals the change of average strain obtained by DIC analysis with increasing nominal strain.  

The black dashed line expressed on the Fig. 4.16 corresponds to homogeneous deformation.  

In addition, the vertical dashed lines in red, green and blue correspond with the uniform 

elongation (eu) of DP specimens with the ferrite grain size of 58.3 μm, 8.2 μm and 4.1 μm, 



85 

  

respectively.  It was found that estimated average strain obtained from rule of mixture had a 

good agreement with applied strain within uniform elongation.  It was recognized that this 

result was very similar to the result of equivalent strain change with nominal strain in macro 

scale, as shown in Fig. 3.10.  Thus, it can be said that the average strain obtained from 

microscopic strain of each phase by DIC analysis can also represent macroscopic deformation 

behavior.  

 

 

Figure 4.16 Change of average equivalent strain with increasing engineering strain of different 

grain-sized DP structures. 

 

Figure 4.17 shows strain of each phase as a function of average equivalent strain obtained 

by DIC analysis.  The dashed line described on Fig. 4.17 corresponds to homogeneous 

deformation.  It is clearly found that all the strain linearly increase with increasing nominal 

strain.  On the other hand, coarse-grained DP structure showed large strain-partitioning 
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between ferrite and martensite.  In the fine-grained DP structure, in contrast, strain-

partitioning between two phases was quite small, approaching the homogeneous deformation 

line.  From this result, it can be said that strain-partitioning becomes small (i.e., has more 

homogeneous deformation) with decreasing grain size maintaining linear relationship.  

It is worthy to discuss about the reason for revealing different strain-partitioning by the 

change of grain size.  One of the possible reasons for different deformation behavior is effect 

of the F/M interface.  In general, for stable deformation without forming of voids, ferrite side 

and martensite side on the interface should maintain continuity (i.e., have same displacement) 

although strain (or displacement) of each phase is substantially different by nature.  In that 

sense, the F/M interface would impose a constraint to make same displacement.  As a 

consequence, martensite phase has extra deformation, especially in the vicinity of F/M 

interface.  Thus, it can be considered that the fine-grained DP structure with plenty of F/M 

interfaces has many deformed martensite, resulting in more homogeneous deformation than 

coarse-grained one.  That is the reason why ductility is greatly improved in fine-grained DP 

structure.   

Besides strain-partitioning, it is considered necessary to be discussed with improvement of 

strength in the fine-grained DP structure.  If an internal stress reaches CRSS, slip deformation 

will be activated to reduce internal stress.  When the strain larger than CRSS is applied in 

specific region under loading condition, the region would remain plastic strain after unloading, 

accompanying enlarged yield surface.  Thus, in the strain-hardening materials, the increase in 

plastic strain accompanies increase in their elastic strain.  The elastic strain has proportional 

relationship with stress (σij=Cijklekl) where Cijkl and eij are elastic stiffness tensor and elastic 

strain, respectively.  Indeed, it was confirmed from DIC result that martensite in the fine-

grained DP structure was obviously more plastically deformed than in coarse-grained one.  

This means that large elastic strain works under tensile loading, resulting in increasing stress 
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in the fine-grained DP structure.  That might be one of the reasons for strength enhancement 

by grain refinement of DP structure.  

 

 

Figure 4.17 Equivalent phase strain changes of DP structures with different grain sizes 

obtained by DIC analysis as a function of nominal strain. 

 

4.4.3 Strain ratio of martensite to ferrite 

Defining strain ratio between two phases can be useful to discuss a homogeneity of DP 

structure.  Here, we define the strain ratio of martensite to ferrite, r, following Eq. (4-6). 

r =
𝜀𝑀

𝜀𝐹
                                                              Eq. (4-6) 

where εF and εM are plastic strain for ferrite and martensite, respectively.  If there is a virtual 

DP material having strain ratio of 1.0, this material has ideally homogeneous deformation (i.e., 

DP structure having homogeneous deformation in the actual case would has the strain ratio of 

close by 1.0).  Figure 4.18 shows the strain ratio of martensite to ferrite as a function of 

inverse square root of the mean grain size at various applied strain conditions.  It is clearly 
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recognized that the strain ratio of martensite to ferrite in the fine-grained DP structure (dF=4.1 

μm) was higher than other DP structures (dF=8.2 μm and 58.3 μm) having approximately linear 

relationship between strain ratio and inverse square root of the mean grain size.  This result 

indicates that homogeneity of deformation can be considerably raised by grain refinement.  

Additionally, it is noteworthy that the strain ratio of each grain-sized DP structure does not 

change even though applied strain increases.  Thus, it was considered that the strain ratio was 

already determined at early stage, irrespective of strain history.  In order to explain strain ratio 

conservation with applied strain increment, rule of mixture for strain can be considered again, 

as shown in Eq. (4-7) and Eq. (4-8). 

𝐸0 = (1 − 𝑓)𝜀 + 𝑓𝜀𝑀
0                                                    Eq. (4-7) 

𝐸1 = (1 − 𝑓)𝜀𝐹
1 + 𝑓𝜀                                                   Eq. (4-8) 

where ε and fM denote the strain and the fraction of martensite, and the subscripts F and M 

correspond to ferrite and martensite, respectively, assuming that the average strain, Ei (i=0, 1), 

always satisfies the relationship as E1>E0.  These two equations can be combined by the 

following Eq. (4-9) and Eq. (4-10) by changing to standardized forms.  

((1 − 𝑓)𝜀𝐹
0 + 𝑓𝜀𝑀

0 )/𝐸0 = ((1 − 𝑓)𝜀𝐹
1 + 𝑓𝜀𝑀

1 )/𝐸1                            Eq. (4-9) 

(
𝜀𝐹
0

𝐸0
−
𝜀𝐹
1

𝐸1
) + 𝑓 (

𝜀𝑀
0

𝐸0
−
𝜀𝑀
1

𝐸1
−
𝜀𝐹
0

𝐸0
+
𝜀𝐹
1

𝐸1
) = 0                                  Eq. (4-10) 

In the Eq. (4-10), the trivial solution can be obtained, as shown in Eq. (4-11). 

𝐸1

𝐸0
=
𝜀𝐹
1

𝜀𝐹
0    𝑎𝑛𝑑 

𝐸1

𝐸0
=
𝜀𝑀
1

𝜀𝑀
0                                                 Eq. (4-11) 

  By eliminating Ei in Eq. (4-11), we can find that strain ratio is constant although applied 

strain changes shown in Eq. (4-12).  This obtained equation apparently shows that the strain 

ratio is conserved, not depending on applied strain.   

𝜀𝑀
0

𝜀𝐹
0 =

𝜀𝑀
1

𝜀𝐹
1 = 𝑟                                                        Eq. (4-12) 
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Figure 4.18 Strain ratio of martensite to ferrite of DP structures with different grain sizes at the 

various applied strain conditions. 

 

In order to explore the details of strain ratio conservation, spatial strain distribution need to 

be discussed at the given applied strain.  Figure 4.19 shows the plastic strain maps of DP 

structure with the grain size of 8.2 μm at the applied strain condition of 6.0 % (a), 10.8 % (b) 

and 15.2 % (c) expressed globally in von-Mises equivalent strain ranging from 0 to 0.4, and at 

the applied strain of 6.0 % (d), 10.8 % (e) and 15.2 % (f) displayed with re-scaled von-Mises 

equivalent strain ranging from 0 to 0.18, 0.37 and 0.7, respectively.  It is obvious that strain 

gradually increases with increasing applied strain in the results of (a-c) in Fig. 4.19 or the result 

of Fig. 4.10.  On the other hand, it should be noted that strain distribution shown in (d-f) in 

Fig. 4.19 has very similar tendency regardless deformation history, which is no other than 

spatial strain conservation.  It seems that this result can support the result of strain ratio 

conservation shown in Fig. 4.18.  This result also indicates that strain-localized region in DP 

structure is already determined at the early stage of deformation.  Therefore, it is suggested 
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that controlling the microstructure as grain refinement in DP structure is the main key to 

improve its mechanical properties, resulting from suppressing strain localization.   

 

 

Figure 4.19 Equivalent strain maps of DP structures with grain size of 8.2 μm at the nominal 

strain of 3.9 % (a), 9.7 % (b) and 15.3 % (c).  Equivalent strain maps expressed to the 

maximum strain in each analyzed region at the total average strain of 3.9 % (d), 9.7 % (e) and 

15.3 % (f). 

 

4.4.4 Determination of phase stress 

4.4.4.1 Estimation of phase stress without consideration of interaction 

We already investigated the hardness of each phase by nano indentation with non-deformed 

DP structures.  Since DP structure consists of two phases having different strength, stress-

partitioning would occur by deformation as well as strain-partitioning.  Firstly, in order to 
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estimate stress of ferrite, mechanical properties of ferrite + pearlite (F+P) structures obtained 

by the heat treatments shown in Fig. 2.1 (a) were investigated.  Due to low-carbon steel 

studied, it is expected that the fraction of cementite (Fe3C, θ) in F+P structures is very small 

enough to neglect.  Figure 4.20 shows Hall-Petch relationship of ferritic structures with 

different grain sizes at various flow stress conditions (Y.S., 5 % and 10 % applied strain).  

Hall-Petch relationship is defined by the following Eq. (4-13). 

𝜎𝐹 = 𝜎0 + 𝑘𝑑𝑑
−
1

2                                                   Eq. (4-13) 

where σ0, kd and d denote friction stress, Hall-Petch slope and grain size of ferrite, respectively.  

It was found that the plotted data had linear relationship at all the conditions.  From this result, 

σ0 and kd at each condition can be determined as a intercept and slope on the graph of Fig. 4.20, 

respectively.  In addition, it can be assumed that friction stress of ferrite, σ0, in DP structure is 

same to that in the ferritic structure because solid solution hardening effect (short range 

interaction against dislocation movement) might be near identical in this alloy system.  

Moreover, rule of mixture for stress can be applied in DP structure, as shown in Eq. (4-14).  

S = (1 − 𝑓𝑀)𝜎𝐹 + 𝑓𝑀𝜎𝑀                                                    Eq. (4-14) 

where S, fM, σF and σM are average stress of DP structure, fraction of martensite, stress of ferrite 

and martensite, respectively.  The average stress of DP structure, S, can be measured from 

experimental results of tensile test.  On the other hand, it is found that the strain (or stress) of 

DP structure with a grain size of 58.3 μm, 8.2 μm and 4.1 μm is 0.039 (S=681 MPa), 0.043 

(S=774 MPa) and 0.045 (S=869 MPa), respectively, at an applied strain of 0.05 in ferrite.  By 

using obtained parameters (σ0, kd in Eq. (4-13) and S, fM, σF in Eq. (4-14)), stress of martensite, 

σM, can be estimated.   
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Figure 4.20 Hall-Petch relationship of ferritic structures with different grain sizes in 2Mn-0.1C 

steel. 

 

Figure 4.21 shows estimated stress-partitioning between ferrite and martensite in DP 

structures with different grain sizes, considering strain-partitioning.  It is found that stress-

strain behavior of each specimen is quite different.  The estimated stress of martensite greatly 

increased with deceasing grain size even though the hardness of martensite, obtained by nano 

indentation, was almost same regardless grain size.  In contrast, the estimated stress of 

martensite in coarse-grained DP structure expressed in red on the graph of Fig. 4.21 had 

relatively low strength.  From this result, fine-grained DP structure had very large stress 

partitioning, especially having high martensite phase stress, plus small strain-partitioning.  

That might be why the fine-grained DP structure has excellent mechanical properties.   
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Figure 4.21 Estimated stress of martensite obtained from the experimental results of DP and 

ferritic structures with different grain sizes. 

 

4.4.4.2 Phase stress by lattice elastic strain of each phase 

  In the result of Fig. 4.21, it is found that the stress of martensite was estimated by only results 

of DIC analysis and mechanical properties of ferritic single-phase structure.  However, the 

effect of interaction between ferrite and martensite during deformation should be taken into 

account in estimating phase stress.  The elastic strain, obtained from in-situ neutron beam 

diffraction experiment, might be the key to determine phase stress because stress, σij, can be 

simply calculated by multiplying elastic modulus to elastic strain by the following Eq. (4-15).  

𝜎 = 𝐸𝑒                                                             Eq. (4-15) 

where E and e denote elastic modulus and elastic strain, respectively.  If the plain stress 

condition (σ33~0) is satisfied, the stress can be described by the following Eq. (4-16).  

𝜎11 =
𝐸

1−𝜈2
(𝜀11 − 𝜈𝜀22)                                              Eq. (4-16) 

where ν is Poisson ratio and subscript 1 and 2 is tensile and transverse direction, respectively.  
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On the other hand, it is considered necessary to determine elastic modulus and Poisson ratio 

because those properties in (110) lattice, having elastic anisotropy, is different from those in an 

isotropic body.  Here, elastic stiffness tensor for α-Fe can be described as below (Eq. (4-17)):  

 

𝐶𝑖𝑗𝑘𝑙
𝛼−𝐹𝑒 =

(

 
 
 

242 147 147 0 0 0
 242 147 0 0 0
  242 0 0 0
   112 0 0
    112 0

𝑠𝑦𝑚.     112)

 
 
 

                         Eq. (4-17) 

 

Figure 4.22 shows schematic illustration of stiffness tensor operated by rotation of 45 deg. 

around the axis of [001].  The tensile direction is parallel to normal vector of (110) plane of 

α-Fe, elastic stiffness tensor need to be rotated by 45 degree around the axis of [001] shown in 

Fig. 4.22.  The rotation tensor, [Q], is defined by the following Eq. (4-18).  

[𝑄] = (
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃 0
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 0
0 0 1

)                                            Eq. (4-18) 

  Rotated elastic stiffness tensor, C’ijkl, can be calculated by the following Eq. (4.19).   

𝐶𝑝𝑞𝑟𝑠
′ = 𝑄𝑝𝑖𝑄𝑞𝑗𝑄𝑟𝑘𝑄𝑠𝑙𝐶𝑖𝑗𝑘𝑙                                             Eq. (4-19) 

  With rotation operation of elastic stiffness tensor, rotated elastic stiffness tensor, C’ijkl, can 

be described as below (Eq. (4-20)): 

 

𝐶𝑖𝑗𝑘𝑙
′ =

(

 
 
 

306.5 82.5 147 0 0 0
 306.5 147 0 0 0
  242 0 0 0
   47.5 0 0
    112 0

𝑠𝑦𝑚.     112)

 
 
 

                        Eq. (4-20) 

 

On the other hand, the relationship between applied stress and elastic strain can be described 
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by the following Eq. (4-21).  

(

𝜎11
𝜎22
𝜎33
) = (

𝐶1111
′ 𝐶1122

′ 𝐶1133
′

𝐶2211
′ 𝐶2222

′ 𝐶2233
′

𝐶3311
′ 𝐶3322

′ 𝐶3333
′

)(

𝑒11
𝑒22
𝑒33
)                                 Eq. (4-21) 

  Since the applied stress corresponds to σ11 and other stress components are zero (σ22, σ33=0), 

Poisson ratio can be calculated by the followed Eq. (4-22) and Eq. (4-23). 

𝜈12 =
𝐶1122
′ 𝐶3333

′ −𝐶1133
′2

𝐶1111
′ 𝐶3333

′ −𝐶1133
′2 = −0.0313                                       Eq. (4-22) 

𝜈13 =
𝐶1111
′ 𝐶1133

′ −𝐶1122
′ 𝐶1133

′

𝐶1111
′ 𝐶3333

′ −𝐶1133
′2 = 0.6264                                     Eq. (4-23) 

  Finally, elastic modulus, E, can be also obtained as below (Eq. (4-24)): 

𝐸 =
(𝐶1111
′ −𝐶1122

′ ){(𝐶1111
′ −𝐶1122

′ )𝐶3333
′ −2𝐶1133

′2 }

𝐶1111
′ 𝐶3333

′ −𝐶1133
′2 = 216.994 𝐺𝑃𝑎                    Eq. (4-24) 

 It was found that the obtained elastic modulus and Poisson ratio obtained by rotation operating 

were different from those of an isotropic body.  On the other hand, the crystallographic 

orientation of the obtained result satisfies the following relationship. 

[100]’ // Tensile direction 

[010]’ // Transverse direction 

[001]’ // Normal direction 

 

 

Figure 4.22 (Continued) 
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Schematic illustration of stiffness tensor operated by rotation of 45 deg. around the axis of 

[001]. 

 

  Owing to having random orientation distribution with no texture in DP structures shown in 

Fig. 2.14, the average elastic modulus and average Poisson ratio can be obtained by rotation 

operation along the axis of [100]’ indicated in Fig. 4.23 (a).  Figure 4.23 shows schematic 

illustration of rotation for (110) plane (a) and the change of elastic modulus and Poisson ratio 

as a function of rotation angel (b).  The rotated elastic stiffness tensor along the axis of [100]’ 

can be obtained from the Eq. (4-20) with using rotation tensor by the following Eq. (4-25). 

 

 

Figure 4.23 (Continued)  
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Schematic illustration of rotation for (110) plane (a) and the change of elastic modulus and 

Poisson ratio as a function of rotation angle (b). 

[𝑄] = (
1 0 0
0 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
0 −𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

)                                            Eq. (4-25) 

  From the C’ijkl obtained, it was found that the average elastic modulus, E, and Poisson ratio, 

ν, were 231.64 GPa and 0.284, respectively.  The stress of each phase can be calculated with 

the Eq. (4-16).  Figure 4.24 exhibits the change of phase stress as a function of applied stress 

of different grain sized DP structures.  It is found that phase stress in DP structures with 

different grain sizes shows apparent change with increasing applied external stress.  The 

phase stress increases linearly up to applied stress of approximately 200 MPa, and then it starts 

to deviate from one-to one correspondence line (i.e., stress-partitioning between two phases 

actually occurs even within the macroscopic elastic region) in all the DP structures.  After 

occurrence of stress-partitioning, martenstite always shows much higher stress than ferrite.  

Furthermore, when a strain attains approximately uniform elongation corresponding to the last 

point plotted on the graph, fine-grained DP structure has much higher stress (1190 MPa) in 

martensite than other DP structures having stress (1022 MPa, 716 MPa, respectively) in 

martensite.  This result indicates that martensite in fine-grained DP structure has a capacity 

for having much higher internal stress than that in coarse-grained DP structures.  The 

important point is that the deformation potential of martensite can be greatly raised by 

microstructural control such as grain refinement than the potential which martensite itself 

possesses by nature.   
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Figure 4.24 The change of phase stress as a function of applied stress with different grain-sized 

DP structures. 

 

4.4.4.3 Evaluation of stress obtained from elastic strain 

  The stress of each phase measured from in-situ neutron beam diffraction was successfully 

obtained, as shown in Fig. 4.24.  In order to confirm the reliability of the obtained result, 

average stress estimated from through the Eq. (4-14) was compared with experimental results 

by tensile test.  In the previous calculation for phase stress, on the other hand, elastic modulus 

and Poisson ratio were used with the rotation-operated elastic stiffness tensor considered as an 

anisotropic body.  Figure 4.25 shows comparison between calculated results considered as 

anisotropy (expressed in red), isotropy (in blue) and experimental result (in black) of DP 

structures with the ferrite grain size of 58.3 μm (a), 8.2 μm (b) and 4.1 μm (c).  It is obviously 

found that calculated result considered as anisotropy indicated in red in Fig. 4.25 has quite 

good agreement with experimental result.  By contrast, calculated result considered as 
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isotropic body indicated in blue in Fig. 4.25 showed big difference from experimental result.  

From these results, it can be said that elastic anisotropy of crystal (even in bcc structure) should 

be considered in analyzing or calculating phase stress in DP structure.  

 

 

Figure 4.25 Comparison between calculated results considered as anisotropy, isotropy and 

experimental result of DP structures with the ferrite grain size of 58.3 μm (a), 8.2 μm (b) and 

4.1 μm (c). 

 

Figure 4.26 displays elastic strain of (110) and (100) plane parallel to tensile and transverse 

directions with applied stress (a) and comparison between the estimated results obtained from 

elastic strain of (110) and (100) plane considered as anisotropy, isotropy and experimental 

result of DP structures with the ferrite grain size of 4.1 μm (b).  It was found from the result 
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of Fig. 4.26 (a) that elastic strain obtained from (100) plane, having considerably large strain 

to tensile direction, was apparently different from that from (110) at the same applied stress.  

This result indicates that lattice elastic strain strongly depends on the crystallographic 

orientation.  It is found that the elastic modulus for the (100) plane those normal vector is 

parallel to tensile is 130.9 GPa.  In contrast, elastic modulus for the (110) plane is 231.6 GPa.  

That is the reason for showing different elastic strain with changed in crystallographic 

orientation by applied stress.  On the other hand, the elastic modulus and Poisson ratio in 

isotropic body are 211.4 GPa and 0.293.  In addition, the Poisson ratio of (100) and (110) 

plane is 0.378 and 0.284, respectively.  Stress can be estimated with elastic modulus and 

Poisson ratio in anisotropic and isotropic body, and obtained stress can be compared with 

experimental result.  In the Fig. 4.24 (b), it is found that the estimated stress assumed as 

anisotropic body has good agreement with experimental result.  However, the estimated stress 

assumed as isotropic body indicated in blue, especially for (110) plane, had large difference 

with experimental tensile result.  Therefore, it can be said that elastic anisotropy should be 

considered in expecting stress with high reliability and that elastic strain greatly depends on 

the crystallographic orientation, resulting from different elastic modulus and Poisson ratio.   
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Figure 4.26 Elastic strain of (110) and (100) plane parallel to tensile direction with applied 

stress (a) and comparison between the estimated results obtained from elastic strain of (110) 

and (100) plane considered as anisotropy, isotropy and experimental result of DP structures 

with the ferrite grain size of 4.1 μm (b). 

 

4.4.5 Re-construction of stress-strain curves of ferrite and martensite 
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  Phase stress and stress could be obtained by in-situ neutron beam diffraction experiment and 

DIC analysis, respectively.  Combining two results, it is possible to re-construct stress-strain 

curves of ferrite and martensite from the stress-strain curve of DP structure obtained from 

tensile test.  Figure 4.27 shows stress-strain curves of ferrite and martensite re-constructed 

by combination between in-situ neutron beam diffraction experiment and DIC analysis from 

the stress-strain curve of DP structure obtained from tensile test.  It is found that deformation 

behavior of each phase is substantially different, martensite having much higher stress than 

ferrite.  Moreover, the martensite in fine-grained DP structure showed higher strength than 

that in coarse-grained DP structure.  In contrast, the strength of ferrite slightly increased with 

decreasing grain size.  Therefore, it can be said that the demonstration of high strength in 

grain-refined DP structure is caused by high strength in martensite, rather than ferrite. 

  On the other hand, the result of re-construction shown in Fig. 4.27 can be compared with the 

result of Fig. 4.21 which is estimated stress of martensite.  The difference between two results 

is consideration of interaction effect between ferrite and martensite.  Since any interaction 

effect was not considered in the result of Fig. 4.21, it was thought that the martensite showed 

overestimated strength having underestimated ferrite strength.  Thus, interaction effect 

between two phases in DP structures is important in estimating phase stress and should be taken 

into account. 
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Figure 4.27 Stress-strain curves of ferrite and martensite re-constructed by combination 

between in-situ neutron beam diffraction experiment and DIC analysis from the stress-strain 

curve of DP structure obtained from tensile test. 

 

Figure 4.28 reveals strain conditions of each phase at 5 % tensile deformation and uniform 

elongation of different grain-sized DP structures overlapped on stress-strain curves of ferrite 

and martensite.  When noted in tensile deformation of 5 % in DP structures indicated by open 

circled symbols, the strain partitioning between ferrite and martensite was confirmed, ferrite 

having larger strain than martensite.  It is also found that the strain-partitioning became small 

with decreasing grain size, which indicates deformation homogeneity of two phases.  

Increased more in strain to uniform elongation of DP structures, strain-partitioning became 

large, as shown in closed circled symbols.  However, it should be emphasized that the coarse-

grained DP structure indicated in red on Fig. 4.28 shows very large strain-partitioning 

meanwhile fine-grained DP structure indicated in blue shows relatively homogeneous 
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deformation.  It is considered that the different behavior of strain-partitioning with changed 

in grain size may affect local elongation after occurrence of macroscopic necking due to 

deformation homogeneity.  From the results of Fig. 4.27 and Fig. 4.28, it can be concluded 

that grain refined-DP structure, having much larger stress-partitioning and much smaller strain-

partitioning than coarse-grained counterparts, results in demonstrating high strength and large 

elongation.   

 

 

Figure 4.28 Strain conditions of each phase at 5 % tensile deformation and uniform elongation 

of different grain-sized DP structures overlapped on stress-strain curves of ferrite and 

martensite. 

 

4.4.6 Strain hardening rate  

4.4.6.1 Strain hardening rate of DP structures with different grain sizes 

It was confirmed in previous study that the grain-refined DP structure to 4.1 μm showed 

excellent ductility (large uniform and local elongation) as well as high strength from the 
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previous results.  In order to clarify improvement of uniform elongation by grain refinement, 

plastic instability of DP structures with different grain sizes was investigated.  The condition 

of plastic instability can be evaluated with Considère criterion shown in Eq. (4-26) [9].  

σ ≥
𝑑𝜎

𝑑𝜖
                                                             Eq. (4-26) 

where σ, ε denote true stress, true strain, and dσ/dε is strain hardening rate.  According to Eq. 

(4-26), macroscopic necking starts when the true stress becomes larger than the strain 

hardening rate.  Figure 4.29 shows true stress and strain hardening rate curves of DP 

structures with different grain sizes.  It is found that plastic instability in fine-grained DP 

structures, defined as the point of intersection between true stress and true strain, occurs at 

much larger true strain.  From this result, it can be said that the grain refinement in DP 

structure is effective to enhance uniform elongation accompanying high strength.  The 

uniform elongation obtained from strain hardening rate and elongation at ultimate tensile 

strength of DP structures were summarized in Table 4.1.  It was seen that the uniform 

elongation obtained from strain hardening rate had good agreement with elongation at ultimate 

tensile strength obtained from nominal stress-strain curves.  
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Figure 4.29 True stress and strain hardening rate curves of DP structures with different grain 

sizes. 

 

Table 4.1 Summary of uniform elongation obtained from strain hardening rate and elongation 

at ultimate tensile strength of DP structures with different grain sizes. 

 

 

4.4.6.2 Strain hardening rate of ferrite and martensite in DP structures with different grain 

sizes. 

  In the previous study, strain hardening rate of DP structures with different grain sizes was 

investigated.  In addition, stress-strain curves of each phase could be experimentally 

estimated by in-situ neutron beam diffraction experiment and DIC analysis.  It might be 
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possible to clarify enhancement of strain hardening rate by grain refinement with the obtained 

stress-strain curves of each phase.  Figure 4.30 displays true stress and strain hardening rate 

of ferrite (a) and martensite (b) in different grain-sized DP structures.  It is found that the 

strain hardening rate of ferrite is near identical, irrespective of grain size.  This result indicates 

that improvement of strain hardening rate in fine-grained DP structure does not caused by 

ferrite.  By contrast, the strain hardening rate of martensite had a drastic change with grain 

size.  The martensite in fine-grained DP structure was delayed effectively to the occurrence 

of plastic instability (eu=0.085) while the strain hardening rate of martensite in coarse-grained 

DP structure showed the very rapid decrease at early stage of strain (eu=0.053).  The uniform 

elongation obtained from strain hardening rate and the elongation at ultimate tensile strength 

of each phase were summarized in Table 4.2.  Therefore, it can be concluded that large 

uniform elongation realized in fine-grain DP structure is caused by improvement of uniform 

elongation of martensite, rather than ferrite, which is no other than enhancement of deformation 

potential of martensite by grain refinement.  
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Figure 4.30 True stress and strain hardening rate of ferrite (a) and martensite (b) in different 

grain-sized DP structures. 

 

Table 4.2 Summary of uniform elongation obtained from strain hardening rate and elongation 

at ultimate tensile strength of ferrite and martensite. 
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4.4.7 Hall-Petch relationship 

4.4.7.1 Hall-Petch relationship of DP structures 

  It is well-known that Hall-Petch relation (linear relationship between flow stress and inverse 

square root of mean grain size) is satisfied with high precision in single-phase materials.  The 

relationship between stress and mean grain size in DP structures was investigated.  Figure 

4.31 reveals the relationship between flow stress (yield and ultimate tensile strength) and mean 

grain size of DP structures with different grain sizes.  Due to existence of two phases mixed 

in DP structures, the average grain size of them was estimated by the following Eq. (4-27). 

𝑑𝑎𝑣𝑒 = (1 − 𝑓𝑀)𝑑𝐹 + 𝑓𝑀𝑑𝑀                                            Eq. (4-27) 

where dave, fM, dF and dM are average grain size, volume fraction of martensite, grain size of 

ferrite and grain size of martensite, respectively.  It is found from the result of Fig. 4.31 that 

DP structures also satisfy Hall-Petch relationship.  It was also confirmed that work-

hardenability was improved with decreasing grain size as the difference between yield and 

ultimate tensile strength became large with decreasing grain size.  

 

 

Figure 4.31 Relationship between flow stress (yield and ultimate tensile strength) and mean 

grain size of DP structures with different grain sizes. 
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4.4.7.2 Hall-Petch relationship of each phase 

  Hall-Petch relationship can be applied with ferrite and martensite obtained by the re-

construction result, as shown in Fig. 4.27.  Figure 4.32 displays relationship between flow 

stress (yield and ultimate tensile strength) and mean grain size of ferrite (a) and martensite (b) 

in DP structures with different grain sizes.  It was confirmed that the flow stress of each 

obtained phase also satisfied Hall-Petch relationship.  In the Fig. 4.32 (a), yield strength in 

ferrite was slightly dependent on grain size.  On the other hand, ultimate tensile strength in 

ferrite hardly depended on grain size of it.  In contrast, in the Fig. 4.32 (b), yield and ultimate 

tensile strength in martensite drastically changed with grain size, compared with the case of 

ferrite.  From these results, it can be said that high work-hardenability in fine-grained DP 

structure shown in Fig. 4.31 contributed to fine-grained martensite showing high ultimate 

tensile strength.   

 

 

Figure 4.32 Relationship between flow stress (yield and ultimate tensile strength) and mean 

grain size of ferrite (a) and martensite (b) in DP structures with different grain sizes. 

 

4.4.8 Interaction in DP structures 
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  Hall-Petch relation of each phase, as well as DP structure was investigated in previous study.  

It is considered that the ferrite in DP structure might have different strength behavior with the 

ferrite in single-phase structure, due to the effect of interaction between two phases.  Figure 

4.33 shows Hall-Petch relationship of ferrite mixed in DP structure (closed square) and ferrite 

in ferritic structure (Ferrite + Pearlite; F + P) regarded as single phase (SP) structure (open 

square) because the fraction of pearlite (P) is small enough to neglect.  From the result of Fig. 

4.33, it was recognized that the strength behavior of ferrite in DP structure is considerably 

different from that of ferrite in SP structure.  In general, it is well-known that the ferrite has a 

limited solubility against the carbon element.  In that sense, the carbon composition in ferrite 

in DP and SP structures might be near identical.  In addition, manganese composition in ferrite 

in DP structures had Mn composition of approximately 2 wt. % obtained from EDX analysis.  

All things considered, it can be said that the difference between ferrite strength in DP and SP 

structures might be caused by the effect of interaction.  Since the ferrite embedded with 

martensite in DP structure has constriction to deform, internal stress might be increased. 

 

 

Figure 4.33 (Continued)  
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Hall-Petch relationship of ferrite mixed in DP structure (closed square) and ferrite in ferritic 

structure (Ferrite + Pearlite; F + P) regarded as single phase (SP) structure (open square). 

 

4.5 Conclusions 

In this chapter, deformation behavior in DP structure having different grain sizes was 

characterized by DIC analysis and in-situ neutron beam diffraction experiment.  The results 

obtained and discussed in this chapter are summarized as follow:  

 

1. Occurrence of strain partitioning between ferrite and martensite was recognized by DIC 

analysis in micro scale.  Deformation between two phases in fine-grained DP structure 

became homogeneous (i.e., small strain partitioning) compared with coarse-grained 

counterpart due to existence of a number of F/M interfaces.  

 

2. Strain localization could be effectively suppressed in the fine-grained DP structure owing to 

small strain partitioning (in micro scale) between ferrite and martensite, resulting in showing 

large total elongation (in macro scale).  

 

3. The ratio of martensite to ferrite, which is an index expressing a homogeneity, substantially 

increased with decreasing grain size.  It was also found that the ratio of martensite to ferrite 

did not change at each specimen in spite of an increasing in applied strain.  It can be concluded 

that high homogeneity can make the elongation enhanced and was suggested that introducing 

the constraint such as interface is effective way to improve mechanical properties in DP 

structure even though the mechanical properties of each phase are identical. 

 

4. Elastic strain of ferrite and martensite can be measured by in-situ neutron beam diffraction 
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experiment during deformation.  The elastic strain of two phases started to deviate from the 

Young’s modulus.  The elastic strain of each phase actually deviates from Young’s modulus 

even within macroscopic yield strength.  It was also found that the martensite always has 

higher elastic strain than ferrite, and that increment of elastic strain for martensite and ferrite 

changes at a high stress condition. 

 

5. Phase stress of ferrite and martensite can be calculated with revised elastic stiffness tensor 

and elastic strain of each phase obtained from in-situ neutron beam diffraction experiment.  It 

is found that phase stress in DP structures with different grain sizes shows apparent change 

with increasing applied external stress.  The phase stress increases linearly up to applied stress 

of approximately 200 MPa, and then it starts to deviate from iso-stress condition in all the DP 

structures.  After occurrence of stress-partitioning, martenstite always shows much higher 

stress than ferrite.  Furthermore, when a strain attains approximately uniform elongation 

corresponding to the last point plotted on the graph, fine-grained DP structure has much higher 

stress (1190 MPa) in martensite than other DP structures having stress (1022 MPa, 716 MPa, 

respectively) in martensite.  This result indicates that martensite in fine-grained DP structure 

has a capacity for having much higher internal stress than that in coarse-grained DP structures.  

 

6. Combining results obtained by in-situ neutron beam diffraction experiment and DIC analysis, 

stress-strain curves of ferrite and martensite could be re-constructed from the stress-strain curve 

of DP structure.  It was found that deformation behavior of each phase was substantially 

different, martensite having much higher stress than ferrite.  Moreover, the martensite in fine-

grained DP structure showed higher strength than that in coarse-grained DP structure.  In 

contrast, the strength of ferrite slightly increased with decreasing grain size.  Therefore, it can 

be said that the demonstration of high strength in grain-refined DP structure is caused by high 
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strength in martensite, rather than ferrite. 

 

7. Strain hardening rate of each phase by grain refinement was obtained from re-constructed 

stress-strain curves of each phase.  It is found that the strain hardening rate of ferrite is near 

identical, irrespective of grain size.  This result indicates that improvement of strain hardening 

rate in fine-grained DP structure does not caused by ferrite.  By contrast, the strain hardening 

rate of martensite had a drastic change with grain size.  The martensite in fine-grained DP 

structure was delayed effectively to the occurrence of plastic instability (eu=0.085) while the 

strain hardening rate of martensite in coarse-grained DP structure showed the very rapid 

decrease at early stage of strain (eu=0.053).  Therefore, it can be concluded that large uniform 

elongation realized in fine-grain DP structure is caused by improvement of uniform elongation 

of martensite, rather than ferrite, which is no other than enhancement of deformation potential 

of martensite by grain refinement.  
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CHPATER 5 

GRAIN REFINEMENT OF FERRITIC AND DUAL PHASE STEELS BY ROLLING AND 

RECRYSTALLIZATION 

 

5.1 Introduction 

  In the previous chapter, grain-refined DP structure down to 4.1 μm could be obtained by 

repetitive heat treatment at 810°C plus intercritical annealing at 740°C.  However, grain 

refinement by repetitive heat treatment had a limit to decrease grain size less than 

approximately 4 μm, as shown in Fig. 2.5 in Chapter 2.  In order to obtain further refined 

grain size in ferritic or DP structure, it is considered that heavy deformation and subsequent 

annealing for recrystallization might be one the most effective way.  Okitsu et al. reported that 

ultrafine-grained (UFG) ferritic structure could be simply obtained by heavy cold-rolling and 

recrystallization heat treatment rather than by typical severe plastic deformation (SPD) 

processes [1].  If a UFG ferritic structure can be obtained by these methods proposed by 

Okitsu, it is expected that very fine-grained DP structure with ferrite grain size less than 4 μm 

can be fabricated.   

  On the other hand, we have investigated the mechanical properties of DP structure with 

different grain sizes ranging from 58.3 μm to 4.1 μm in Chapter 3 and Chapter 4.  It was 

found that fine-grained DP structure with the ferrite grain size of 4.1 μm showed novel 

mechanical properties in strain and stress owing to small strain-partitioning (homogeneous 

deformation in strain) and large stress-partitioning between ferrite and martensite.  It is 

expected that mechanical properties of more grain-refined DP structure might be different from 

other DP structures evaluated in previous chapters because strain- and stress-partitioning 

should be changed.  The present study had two objectives: to fabricate more grain-refined 

ferritic and DP structures by rolling and recrystallization, and to evaluate mechanical properties 
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of ferritic and DP structures obtained by those processes. 

 

5.2 Experimental procedures 

5.2.1 Fabrication of ultrafine-grained ferritic structure 

  Prior to fabrication of DP structure with very fine grain, ferritic structure was obtained 

previously by heavy rolling deformation and recrystallization.  Figure 5.1 shows schematic 

illustration of heat treatment and deformation schedules for obtaining ultrafine-grained ferritic 

structure with fine-grained ferritic structure (a) or DP structure (b) obtained by repetitive heat 

treatment.  It is expected that ferritic structures will be obtained from two routes in Fig. 5.1 

because the temperature of final heat treatment for recrystallization is under the Ae3.  On the 

other hand, there seems to be a possibility to have different microstructure by route (a) and 

route (b).  This difference between route (a) and (b) will be discussed in result part of this 

chapter.  

 

Figure 5.1 (Continued) 
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Schematic illustration of heat treatment and deformation schedules for obtaining ultrafine-

grained ferritic structure with fine-grained ferritic structure (a) or DP structure (b) obtained by 

repetitive heat treatment. 

 

5.2.1.1 Heavy rolling deformation 

  The ferritic and DP structures obtained by repetitive heat treatment was cold-rolled by 0.9 

reduction ratio at room temperature with lubricant.  In order to prevent occurrence of crack 

during cold-rolling, multi-pass rolling was carried until target thickness (from 10 mm to 1 mm 

in thickness) with a roll speed of 3.0 m / min.  It is expected that the heavily deformed ferritic 

and DP structures might have very high dislocation density introduced by cold-rolling, and that 

a number of dislocation might act as nucleation site of ferrite by annealing under the Ae1. 

 

5.2.1.2 Recrystallization 

  In order to furthermore decrease grain size, heat treatment for recrystallization was 

performed at the temperature of 600°C and 635°C with deformed ferritic and DP structures by 

rolling.  For the systematic investigation of grain size and microstructure evolution, 

microstructure observation was carried out with changing holding time ranging from 30 s to 

60 min.  

 

5.2.1.3 Texture of recrystallized ferritic structures 

  The texture of ferritic structures obtained from rolling plus recrystallization was investigated 

by EBSD measurement because heavy deformed materials generally have preferred orientation 

even after recrystallization.  The texture of recrystallized ferritic structures obtained by route 

(a) and route (b) shown in Fig. 5.1 was investigated with changing the holding time in this 

study. 
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5.2.2 Fabrication of ultrafine-grained DP structure 

  With ultrafine-grained ferritic structures by rolling and recrystallization, intercritical 

annealing at 740°C for 30 min was conducted to obtain DP structures.  It is expected that 

ferrite grain size in DP structure obtained might decrease, because the ferrite grain size in DP 

structure strongly depends on that in ferritic structures as known through the results of Fig. 2.7 

and Fig. 2.11.  The mechanical properties of DP structure, obtained from rolling and 

recrystallization and intercritical annealing, was also carried out by tensile test.  In addition, 

the deformation behavior of this DP structure was investigated by DIC analysis.  

 

5.3 Results and discussion 

5.3.1 Microstructure evolution  

  Microstructural features obtained from cold-rolling and recrystallization were investigated 

by EBSD measurement to mainly understand grain size and texture change.   

 

5.3.1.1 Microstructural feature by heavy rolling 

  The microstructure by heavy cold-rolling (total reduction ratio of 0.9) with the ferritic and 

DP specimen was observed by EBSD measurement.  All the microstructures were observed 

on the longitudinal sections from the transverse direction (TD) of the sheets.  EBSD analysis 

was carried out by field-emission SEM (FE-SEM, JEOL-7100F) equipped with a TSL 

orientation image microscopy (OIM) system.  The EBSD scanning was carried out at the 

center of thickness on the TD section.  Figure 5.2 reveals orientation color maps 

(corresponding to normal direction (ND)) of heavily deformed ferritic structure (a) and DP 

structure (b) by cold-rolling by 0.9 reduction ratio.  It was found that the grain was elongated 

along rolling direction (RD) in all the specimens.  On the other hand, it was recognized that 
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very strong texture was developed in deformed ferritic structure while the texture in the 

deformed DP structure was relatively weak.  Generally, body-faced cubic (bcc) structure has 

stable orientation ((100) and (111) along ND) after rolling (compression deformation).  The 

deformed ferritic structure (Fig. 5.2 (a)) showed typical texture case having (100) and (111) 

plane aligned to ND.  In contrast, the deformed DP structure (Fig. 5.2 (b)) had relatively 

random distribution without strong texture.  This difference of texture between deformed 

ferritic and DP structures might be caused by microstructure difference.   

 

 

Figure 5.2 EBSD orientation color maps (corresponding to normal direction (ND)) of heavily 

deformed ferritic structure (a) and DP structure (b) by cold-rolling by 0.9 reduction ratio. 

 

  In order to investigate the reason for showing relatively random orientation distribution in 

deformed DP structure, the orientation in each phase was considered by EBSD measurement.  

Figure 5.3 shows EBSD image quality (IQ) map (a) and orientation color map (corresponding 

to normal direction (ND)) (b) of DP structure deformed by cold-rolling by 0.9 reduction ratio.  
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In the IQ map, it seems difficult to distinguish two phases by contrast of IQ map, because the 

contrast corresponding to ferrite also becomes dark owing to increase in lattice defects such as 

dislocation by heavy deformation.  It is considered that each phase has different strain 

introduced by rolling (plane strain compression) as seen through the results (Fig. 4.10 and Fig. 

4.11) obtained by DIC analysis.  Therefore, it is enabled to roughly distinguish the martensite 

from ferrite through the difference of elongated shape rather than contrast.  It is expected that 

the ferrite has much elongated grain shape than martensite since ferrite is softer than martensite.  

In the Fig. 5.3 (b), it was found that the martensite had a variety orientation (i.e., non-stable 

orientation by compression, for example (110) expressed in green), meanwhile the ferrite had 

mostly stable orientation such as (100) or (111) expressed in red or blue, respectively.  That is 

why deformed DP structure shows relatively random orientation distribution compared with 

deformed ferritic structure. 

 

 

Figure 5.3 EBSD image quality (IQ) map (a) and orientation color map (corresponding to 

normal direction (ND)) (b) of DP structure deformed by cold-rolling by 0.9 reduction ratio.   
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5.3.1.2 Microstructure of specimens recrystallized 

  In order to obtain ultrafine-grained ferrite grain, heat treatment at 600°C for recrystallization 

was carried out with rolling-deformed ferritic and DP structures, changing the holding time 

ranging from 30 s to 60 min.  Figure 5.4 displays EBSD grain boundary maps of ferritic 

structures obtained from heat treatment at 600°C for the various holding time after cold-rolling 

with specimens started from ferritic (a) and DP structures (b) by repetitive heat treatment.  It 

was found that the ferrite grain size gradually increased with increasing holding time in all the 

specimens.  It was also confirmed the elongated grain by cold-rolling changed to equiaxed 

grain with increasing holding time.  On the other hand, recrystallized specimen started from 

ferritic structure by repetitive heat treatment (Fig. 5.4 (a)) had bimodal structure in grain size 

caused by abnormal grain growth with increasing heat treatment holding time.  By contrast, 

recrystallized specimen started from DP structure by repetitive heat treatment (Fig. 5.4 (b)) 

showed homogeneous grain growth having equiaxed grain shape with heat treatment time.  

This result clearly indicated that the recrystallized specimen started from DP structure was 

more effective to obtain homogeneous fine-grained ferrite.  
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Figure 5.4 EBSD grain boundary maps of ferritic structures obtained from heat treatment at 

600°C for the various holding time after cold-rolling with specimens started from ferritic (a) 

and DP structures (b) by repetitive heat treatment. 
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  Figure 5.5 shows changes of ferrite grain size and fraction of high angle grain boundary 

(HAGB) with increasing holding time of heat treatment temperature at 600°C.  It was found 

that the grain growth behavior of starting materials of ferritic (black closed square) and DP 

structure (black open square) was apparently different.  In the case of starting material of DP 

structure, grain growth was suppressed even though holding time increased up to 60 min 

(dF=1.86 μm).  In contrast, in the case of starting material of ferritic structure, grain drastically 

increased to grain size of 3.33 μm at the holding time of 60 min.  In addition, fraction of high 

angle boundary had also apparent difference between starting material of ferritic and DP 

structures.  It was clearly confirmed that fraction of HAGB in the specimen started from DP 

structures (blue open square) showed always higher than that in the specimen started from 

ferritic structure (blue closed square).  

 

 

Figure 5.5 Changes of ferrite grain size and fraction of high angle grain boundary (HAGB) 

with increasing holding time of heat treatment temperature at 600°C. 
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  On the other hand, it seems necessary to consider grain size distribution rather than mean 

grain size because the specimen started from ferritic structure has bimodal structure in grain 

size.  Figure 5.6 displays EBSD grain size color maps of ferritic structures obtained by heat 

treatment and rolling with ferritic structure (a) and DP structure (b) by repetitive heat treatment.  

The mean ferrite grain size of the specimens corresponding to Fig. 5.6 (a) and Fig. 5.6 (b) was 

3.33 μm and 1.86 μm, respectively.  It was found that the specimen corresponding to Fig. 5.6 

(a) had high fraction of large grain larger than 4 μm.  In contrast, the specimen corresponding 

to Fig. 5.6 (b) had small fraction of large grain lager than 4 μm.   

 

 

Figure 5.6 EBSD grain size color maps of ferritic structures obtained by heat treatment and 

rolling with ferritic structure (a) and DP structure (b) by repetitive heat treatment. 

 

  Figure 5.7 shows grain size histograms of recrystallized ferritic structures obtained by heat 

treatment and rolling with ferritic structure (a) and DP structure (b) by repetitive heat treatment 

at different holding time.  It was recognized that recrystallized ferritic structure started from 

ferritic structure had high fraction of small grain size and large grain size at early stage of 

holding time.  Increased in holding time, the fraction of large grain size increased with having 

small grain size.  On the contrary, the grain size histogram of recrystallized ferritic structure 
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started from DP structure was just slightly shifted towards large grain size sustaining almost 

same distribution shape.  It was also found that there was no coarse grain larger than 4 μm 

even at the holding time of 60 min at 600°C.  From these results, it can be said that grain size 

distribution as well as mean grain size strongly depends on the condition of starting materials 

(ferritic or DP structure).  It is believed that deformed DP structure provides much more 

nuclear site of recrystallized ferrite than ferritic structure when the recrystallization occurs at 

the temperature of 600°C, resulting in suppressing abnormal grain growth. 

 

 

Figure 5.7 Grain size histograms of recrystallized ferritic structures obtained by heat treatment 

and rolling with ferritic structure (a) and DP structure (b) by repetitive heat treatment at 

different holding time. 
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5.3.1.3 Grain growth change by recrystallization heat treatment temperature 

  Recrystallization behavior from different starting materials had been systematically 

characterized at the 600°C heat treatment temperature in the previous study.  In order to 

investigate grain growth change by heat treatment temperature, heat treatment was carried out 

at 635°C which was also under Ae1 temperature.  Figure 5.8 shows mean ferrite grain size of 

fully recrystallized specimens started from deformed ferritic and DP structures with heat 

treatment time at the temperature of 600°C and 635°C.  It was found that mean ferrite grain 

size increased with increasing heat treatment time in common.  On the other hand, the 

specimens in the heat treatment condition of 635°C (expressed in red on the Fig. 5.8) had 

relatively large grain, compared with those in the heat treatment condition of 600°C (expressed 

in blue on the Fig. 5.8).  In addition, the grain size of specimen started from deformed ferritic 

structure (closed square) drastically increased with increasing holding time, meanwhile 

specimen started from deformed DP structure (open square) did not show remarkable grain size 

change.  Thus, low heat treatment or using deformed DP structure for recrystallization seems 

favorable to fabricate much finer-grained ferritic structure at the same heat treatment time.  
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Figure 5.8 Mean ferrite grain size of fully recrystallized specimens started from deformed 

ferritic and DP structures with heat treatment time at the temperature of 600°C and 635°C. 

 

5.3.1.4 Texture 

  We have already investigated the texture of deformed ferritic and DP structures, as shown in 

Fig. 5.2 and Fig. 5.3.  It is considered necessary to clarify texture of recrystallized ferritic 

structure started from deformed ferritic and DP structures having different textures.  Figure 

5.9 reveals orientation color maps (corresponding to normal direction (ND)) of fully 

recrystallized ferritic structures started from deformed ferritic structure (a) and DP structure 

(b).  It was clearly found that the texture composed of (100) and (111) was recognized in all 

the specimens.  In the case of Fig. 5.9 (a), very strong texture of (100) and (111) was 

developed, which is the typical case of the recrystallized specimen after heavy rolling.  In the 

case of Fig. 5.9 (b), on the other hand, crystallographic orientation showed relatively random 

distribution having a number of (110) (expressed in green).  It is considered that the texture 
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of recrystallized ferritic structure strongly depends on that of deformed starting materials.   

 

 

Figure 5.9 Orientation color maps (corresponding to normal direction (ND)) of fully 

recrystallized ferritic structures started from deformed ferritic structure (a) and DP structure 

(b). 
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  The quantitative evaluation for texture can be considered through orientation distribution 

function (ODF) obtained by EBSD analysis.  Figure 5.10 expresses φ2=45° sections obtained 

from the EBSD analysis of the orientation distribution functions (ODFs) of the recrystallized 

specimens started from deformed ferritic structure (a) and DP structure (b).  From the result, 

it can be said that recrystallized specimen from deformed ferritic structure has much stronger 

texture in all the heat treatment time than that from deformed DP structure.  Moreover, noticed 

in the fiber, recrystallized specimen from deformed ferritic structure showed clear α-fiber and 

γ-fiber, which is the aggregation of [011] direction parallel to RD and normal vector of (111) 

plane parallel to that of ND plane, respectively at initial stage of recrystallization.  In contrast, 

recrystallized specimen from deformed DP structure, having pretty strong texture prior to 

recrystallization heat treatment, was greatly weakened collapsing α-fiber and γ-fiber with 

increasing heat treatment time.  Thus, it can be concluded from the obtained results in this 

chapter (Fig.5.4 - Fig. 5.10) that recrystallized specimen started from deformed DP structure 

is more favorable to obtain homogeneously distributed grain-sized ferritic structure without 

strong texture than that from deformed ferritic structure.  It is expected that homogeneous 

ultrafine-grained DP structure can be optimally fabricated through the ultrafine-grained ferritic 

structure after heat treatment for recrystallization at the low temperature (600°C) after heavy 

cold-rolling (90% reduction ratio) with DP structure (weak texture even after rolling) obtained 

from repetitive heat treatment. 
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Figure 5.10 φ2=45° sections obtained from the EBSD analysis of the orientation distribution 

functions (ODFs) of the recrystallized specimens started from deformed ferritic structure (a) 

and DP structure (b). 
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5.3.1.5 Fabrication of ultrafine-grained DP structure 

  Figure 5.11 shows SEM images and EBSD IQ maps of DP structure by repetitive heat 

treatment (a, c) and DP structure obtained from recrystallized ferritic structure at 600°C for 5 

min after cold-rolling (b, d).  It was found that the grain size of DP structure shown in Fig. 

5.11 (c) and (d) was 4.1 μm and 2.7 μm, respectively.  This result indicates that grain 

refinement of ferrite through combination of cold-rolling (heavy deformation) and 

recrystallization is effective way to furthermore refine the grain because the grain size of DP 

structure depends on that of ferritic structure.  In addition, the fraction of martensite in the DP 

structures shown in Fig. 5.11 (c) and (d) was 43.8 % and 42.2 %, respectively.  

 

 

Figure 5.11 SEM images and EBSD IQ maps of DP structure by repetitive heat treatment (a, 

c) and DP structure obtained from recrystallized ferritic structure at 600°C for 5 min after cold-

rolling (b, d). 
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5.3.2 Mechanical properties 

5.3.2.1 Mechanical properties of ultrafine-grained ferritic structure 

  In order to evaluate mechanical properties of ultrafine-grained ferritic structure (d=1.3 μm) 

obtained by cold-rolling and recrystallization (600°C for 5 min) tensile behavior was 

investigated.  Figure 5.12 exhibits nominal stress-strain curves of ferritic structures with 

different grain sizes ranging from 47.5 μm to 1.3 μm.  It was found that the ultrafine-grained 

ferritic structure (d=1.3 μm) had very high strength larger than 600 MPa in tensile strength.  

However, ductility of ultrafine-grained ferritic structure (d=1.3 μm) dramatically decrease 

meanwhile fine-grained ferritic (d=4.5 μm) still had quite large ductility.  It is considered that 

early plastic instability occurs in ultrafine-grained ferritic structure, resulting showing a poor 

elongation.  

 

 

Figure 5.12 Nominal stress-strain curves of ferritic structures with different grain sizes ranging 

from 47.5 μm to 1.3 μm. 
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  On the other hand, relationship between strength and grain size was investigated through 

Hall-Petch relation.  The flow stress (yield strength; Y.S. and ultimate tensile strength; T.S.) 

obtained from tensile test was plotted as a function of inverse square root of the mean grain 

size, as shown in Figure 5.13.  It was obviously found that all the plotted point at each stress 

condition had linear relation against inverse square root of mean grain size.  In other words, 

Hall-Petch relation was satisfied even in the ultrafine-grained ferritic structure obtained from 

cold-rolling and recrystallization.  

 

 

Figure 5.13 Flow stresses at yield strength (Y.S.) and ultimate tensile strength (T.S.) plotted 

against the inverse square root of the mean grain size in ferric structures. 

 

5.3.2.2 Mechanical properties of ultrafine-grained DP structure 

  Mechanical properties of ultrafine-grained DP structure, started from ultrafine-grained 

ferritic structure, were also evaluated by the tensile test.  Figure 5.14 shows nominal stress-

strain curves of DP structures with different grain size ranging from 58.3 μm to 2.7 μm.  In 
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the previous study (Chapter 3 and Chapter 4), it was clearly found that fine-grained DP 

structure with the ferrite grain size of 4.1 μm showed excellent performance in strength and 

ductility, compared with coarse-grained DP structure.  However, it was confirmed from the 

result of Fig. 5.14 that ultrafine-grained DP structure with the ferrite grain of 2.7 μm had very 

high strength and small total elongation.  From this result, it is considered that there is optimal 

grain size to perform good balance between strength and ductility.  It is considered necessary 

to explore the reason for a decrease in ductility of the ultrafine-grained DP structure,   

 

 

Figure 5.14 Nominal stress-strain curves of DP structures with different grain size ranging 

from 58.3 μm to 2.7 μm. 

 

In order to explore the ductility (uniform elongation) of ultrafine-grained DP structure, strain 

hardening rate was investigated.  Figure 5.15 shows true stress and strain hardening rate 

curves of DP structures with different grain sizes ranging from 58.3 μm to 2.7 μm.  It was 
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found that the ultrafine-grained DP structure had substantially high strain hardening rate, 

compared with other DP structures.  The uniform elongation of ultrafine-grained DP structure, 

obtained from onset of true stress and strain hardening rate curves, was 0.0915.  By contrast, 

the uniform elongation of DP structures with the ferrite grain size of 58.3 μm, 8.2 μm and 4.1 

μm was 0.086, 0.103 and 0.099, respectively, as shown in Fig. 4.29 and Table 4.1 in Chapter 

4.  On the other hand, the total elongation of DP structure with the ferrite grain size of 58.3 

μm, 8.2 μm, 4.1 μm and 2.7 μm was 0.155, 0.198, 0.219 and 0.154, respectively.  It was clear 

confirmed the total elongation of DP structure with the grain size of 58.3 μm and 2.7 μm was 

nearly identical (et~0.155).  However, it is noteworthy that uniform elongation of these two 

DP structures made big difference in uniform elongation, nevertheless showing almost same 

total elongation.  From this result, it can be said that ultrafine grained DP structure (dF=2.7 

μm) showed adequate uniform elongation by enhanced strain hardening rate, which is in 

contrast to the typical case of ultrafine-grained materials. 

 

 

Figure 5.15 True stress and strain hardening rate curves of DP structures with different grain 

sizes ranging from 58.3 μm to 2.7 μm. 
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  It is considered necessary to discuss about local elongation to understand the deformation 

behavior of ultrafine-grained DP structure.  It is believed that DIC analysis can provide the 

information for deformation behavior in the region of macroscopic local strain.  Figure 5.16 

displays equivalent strain maps and strain histogram of 11.7 % tensile-deformed DP structures 

with grain size of 4.1 μm ((a) and (b)) and 2.7 μm ((c) and (d)).  The average strain in each 

region of DP structures with grain size of 4.1 μm (Fig. 5.16 (a)) and 2.7 μm (Fig. 5.16 (c)) was 

0.121 and 0.128, respectively because they was in the local strain region (e~0.117 and 0.116).  

These two DP structures had almost same strain, strain distribution of ferrite and martensite 

was apparently different.  The ultrafine-grained DP structure (dF=2.7 μm) showed much more 

homogeneous deformation between ferrite and martensite (Fig. 5.16 (d)) than fine-grained DP 

structure (dF=4.1 μm) showed (Fig. 5.16 (b)).  From the result, it can be said that strain 

partitioning between ferrite and martensite becomes homogeneous with decreasing grain size 

(Fig. 4.10, Fig. 4.11 and Fig. 5.16).   
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Figure 5.16 Equivalent strain maps and strain histogram of 11.7 % tensile-deformed DP 

structures with grain size of 4.1 μm ((a) and (b)) and 2.7 μm ((c) and (d)). 

 

5.3.3 Strain- and stress-partitioning of ultrafine-grained DP structure 

  Figure 5.17 shows equivalent strain of each phase of DP structures with the grain size of 

58.3 μm, 8.2 μm, 4.1 μm and 2.7 μm as a function of average equivalent strain obtained by 

DIC analysis.  All the strain monotonously increase with increasing average strain having 

linear relationship.  It was obviously found that the ultrafine-grained DP structure with the 

grain size of 2.7 μm showed considerably homogeneous deformation compared with other DP 

structures.  This indicates that strain-partitioning between ferrite and martensite becomes 
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small with decreasing grain size (i.e., the strain behaves like single phase structures by grain 

refinement.).  

 

 

Figure 5.17 Equivalent phase strain changes of DP structures with the grain size of 58.3 μm, 

8.2 μm, 4.1 μm and 2.7 μm obtained by DIC analysis as a function of nominal strain. 

 

  In parallel with strain-partitioning, the stress-partitioning between ferrite and martensite in 

the ultrafine-grained DP structure (2.7 μm) was also investigated by analysis of neutron beam 

diffraction experiment.  Figure 5.18 reveals the change of phase stress as a function of applied 

stress of different grain sized DP structures ranging from 58.3 μm to 2.7 μm.  It was confirmed 

that stress-partitioning between ferrite and martensite in the ultrafine-grained DP structure 

became apparently large with increasing external applied stress.  Especially, it can be seen 

that the martensite in the ultrafine-grained DP structure has substantially high phase stress 

much than 1.4 GPa while the stress of ferrite does not show great change compared with other 
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DP structures.  Thus, high stress response shown in the ultrafine-grained DP structure might 

be attributed to improvement of strength in martensite rather than that in ferrite.  

 

 

Figure 5.18 Change of phase stress as a function of applied stress of DP structures with the 

ferrite grain size of 58.3 μm (red), 8.2 μm (green), 4.1 μm (blue) and 2.7 μm (purple).  

 

5.3.4 Estimated stress-strain curve of each phase in ultrafine-grained DP structure 

  Based on the results of strain- and stress-partitioning between two phases (Fig. 5.17 and Fig. 

5.18) as mentioned above, stress-strain curve of each phase in the ultrafine-grained DP 

structure can be re-constructed.  Figure 5.19 exhibits re-construction of stress-strain curves 

of ferrite and martensite in different grain-sized DP structures ranging from 58.3 μm to 2.7 μm.  

The circle-symbols indicated in Fig. 5.19 correspond to stress-strain conditions when the 

applied strain reaches 5 % in DP structures with different grain sizes.  It can be clearly found 

that ultrafine-grained DP structure has much more homogeneous deformation in strain and the 
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martensite in ultrafine-grained one showed much higher strength than other DP structures with 

different ferrite grain size ranging from 58.3 μm to 4.1 μm. 

 

 

Figure 5.19 Re-construction of stress-strain curves of ferrite and martensite in different grain-

sized DP structures ranging from 58.3 μm to 2.7 μm. 

 

  On the other hand, the uniform elongation of ultrafine-grained DP structure was already 

investigated, as shown in Fig. 5.15.  It is noteworthy that the ultrafine-grained DP structure 

(2.7 μm) does not show early plastic instability even though general ultrafine-grained materials 

show a poor uniform elongation.  In order to explore the reason for improvement of uniform 

elongation in ultrafine-grained DP structure, strain hardening rate of each phase was 

investigated by using re-constructed stress-strain curves of each phase.  Figure 5.20 shows 

strain hardening rate and true stress-strain curves of ferrite (a) and martensite (b) in DP 

structures with different grain sizes ranging from 58.3 μm to 2.7 μm.  The point of intersection 
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between strain hardening rate and true stress-strain curve corresponds to uniform elongation 

according to Considère criterion shown in Eq. (4-26) in Chapter 4.  It was found that uniform 

elongation of ferrite in ultrafine-grained DP structure decreased compared with other DP 

structures.  By contrast, uniform elongation of martensite in ultrafine-grained DP structure 

was apparently enhanced.  As a result, ultrafine-grained DP structure can sustain stable 

deformation (i.e., effectively delay the early plastic instability) by martensite having high strain 

hardening rate.  

 

 

Figure 5.20 (Continued)  
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Strain hardening rate and true stress-strain curves of ferrite (a) and martensite (b) in DP 

structures with different grain sizes ranging from 58.3 μm to 2.7 μm. 

 

5.3.5 Cracks during tensile deformation 

  We investigated tensile behavior and strain-partitioning between ferrite and martensite of 

fine-grained and ultrafine-grained DP structures.   In order to clarify the reason for small 

local elongation in ultrafine-grained DP structure, strain distribution and crack occurrence were 

investigated measured by DIC analysis.  Figure 5.21 shows equivalent strain maps of 11.7 % 

(a) and 13.3 % (c) tensile deformed fine-grained DP structure (4.1 μm) and 11.6 % (b), 13.6 % 

(d) tensile deformed ultrafine-grained DP structure (2.7 μm) and strain histograms of fine-

grained and ultrafine-grained DP structures ((e) and (f)).  It was obviously found that strain 

obtained from DIC analysis increased with increasing applied strain.  On the other hand, the 

average strain, measured by DIC analysis in each region, was different from applied strain 

because non-homogeneous deformation occurred by macroscopic necking.  It seems 

reasonable to compare the strain at the same average strain, rather than same applied strain in 

the necking region.  In that sense, it is possible to compare the strain map of fine-grained ((Fig. 

5.21 (c) and (e), average strain: 0.148) with that of ultrafine-grained ((Fig. 5.21 (b) and (f), 

average strain: 0.152) DP structures.  It was found that the strain histograms of fine- and 

ultrafine-grained DP structures did not show large difference, having slightly large strain in 

martensite in the ultrafine-grained DP structure.  However, it was apparently recognized that 

large crack initiated from martensite in ultrafine-grained DP structure (Fig. 5.21 (b)).  It was 

also found that the crack propagated becoming large in ultrafine-grained DP structure (Fig. 

5.21 (d)).  By contrast, fine-grained DP structure did not show crack occurrence (Fig. 5.21 

(c)) even though the average strain of it is almost same to ultrafine-grained DP structure (Fig. 

5.21 (b)).  It is considered that homogeneous deformation (i.e., small strain-partitioning) in 
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DP structure is not always favorable.  It is assumed that the martesite has a limit for 

deformation.  Since the martensite in ultrafine-grained DP structure was more deformed than 

that in fine-grained DP structure, more deformed martensite was easy to crack.  Moreover, it 

is considered that the martensite in ultrafine-grained DP structure has much larger phase stress 

than that in coarse-grained DP structures, assumed from the result of Fig. 4.24.  Therefore, 

the martensite in ultrafine-grained DP structure leads to critical stress to make cracks.  That 

is the reason why ultrafine-grained DP structure has small local elongation than others, 

nevertheless having more homogeneous deformation (small strain-partitioning) than others.  
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Figure 5.21 Equivalent strain maps of 11.7 % (a) and 13.3 % (c) tensile deformed fine-grained 

DP structure (4.1 μm) and 11.6 % (b), 13.6 % (d) tensile deformed ultrafine-grained DP 

structure (2.7 μm) and strain histograms of fine-grained and ultrafine-grained DP structures ((e) 

and (f)). 
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5.3.6 Classification of crack initiation 

  In order to clarify the cracks of DP structures during deformation, cracks observed from DIC 

analysis were classified into ferrite / martensite (F/M) interface or martensite itself.   Figure 

5.22 shows classification of crack initiation of DP structures with the ferrite grain size of 2.7 

μm, 4.1 μm, 8.2 μm and 58.3 μm.  It was found that the crack initiation region was 

substantially different with grain size.  In the coarse-grained DP structures (58.3 μm, 8.2 μm), 

the fraction of crack initiation from martensite was approximately 0.5.  In contrast, in the fine-

grained DP structure (4.1 μm), the fraction of crack initiation from martensite itself increased.  

Moreover, in the ultrafine-grained DP structure (2.7 μm), the fraction of crack initiation from 

martensite considerably increased larger than 0.8.  It is considered that this result (Fig. 5.22) 

can support the tensile deformation behavior of ultrafine-grained DP structure (Fig. 5.14 and 

Fig. 5.21) having small local elongation.  

 

 

Figure 5.22 Classification of crack initiation of DP structures with the ferrite grain size of 2.7 

μm, 4.1 μm, 8.2 μm and 58.3 μm. 
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5.4 Conclusions 

In this chapter, ultrafine-grained ferritic and DP structure were obtained by the combination 

of heavy deformation and recrystallization.  Mechanical properties of obtained ultrafine-

grained ones were evaluated by the tensile test.  The result obtained in this chapter is 

summarized as follow: 

 

1. Ultrafine-grained ferritic structure with a grain size less than 1 μm could be obtained by 

cold-rolling with 90 % reduction ratio, followed by heat treatment at 600°C for recrystallization 

with ferritic and DP structures fabricated by repetitive heat treatment.  The obtained ultrafine-

grained ferritic structure from DP structure showed much more homogeneous distribution in 

grain size without remarkable abnormal grain growth than that from ferritic structure.  

 

2. The ultrafine-grained ferritic structure had texture due to heavy deformation and subsequent 

recrystallization.  On the other hand, the texture ultrafine-grained ferritic structure started 

from DP structure was much weaker than that started from ferritic structure.   

 

3. The mechanical properties of ultrafine-grained ferritic structure was evaluated.  The 

ultrafine-grained ferritic structure had very high yield and ultimate tensile strength than coarse-

grained ferritic structures.  Yield and ultimate tensile strength in ultrafine-grained ferritic 

structure satisfied Hall-Petch relation with other coarse-grained ferritic structures.  However, 

ultrafine-grained ferritic structure showed very poor elongation due to occurrence of early 

plastic instability.  

 

4. Ultrafine-grained DP structure could be obtained by intercritical annealing at 740°C with 
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ultrafine-grained ferritic structure.  This ultrafine-grained DP structure showed very high 

tensile strength and adequate uniform elongation from the result of tensile test and strain 

hardening rate investigation.  However, this had smaller local elongation than other grained 

DP structures.    

 

5. Strain-partitioning between ferrite and martensite of ultrafine-grained DP structure was 

investigated by DIC analysis.  The ultrafine-grained DP structure showed more homogeneous 

deformation (i.e., smaller strain-partitioning) than fine-grained DP structure.  On the other 

hand, relatively large crack started from martensite in the ultrafine-grained DP structure was 

recognized even though almost same average strain was applied in ultrafine- and fine-grained 

DP structures.  That might be the reason why ultrafine-grained DP structure has small local 

elongation than others, nevertheless having more homogeneous deformation (small strain-

partitioning) than others.  
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CHPATER 6 

SUMMARY AND CONCLUSIONS 

 

  In this thesis, mechanical properties of DP structures with different grain sizes ranging from 

58.3 μm to 2.7 μm, obtained from various heat treatment ways, were evaluated by tensile 

deformation.  Deformation behavior of each phase in different grain-sized DP structures was 

investigated by digital image correlation (DIC) analysis and in-situ neutron beam diffraction 

experiment during deformation.  The results obtained in the present thesis are summarized as 

follows.  

 

  Chapter 1 introduced and background of the present study.  General use of steels in 

industrial fields, DP steels and grain refinement were reviewed, and the objective of the present 

research was mentioned.  

 

  In Chapter 2, Grain refinement of ferritic structures and DP structures was performed by 

the repetitive heat treatment technique without plastic deformation.  The ferritic structures 

with different grain sizes ranging from 47.5 to 4.5 μm obtained from austenitizing heat 

treatment and repetitive heat treatment were intercritically annealed in the region between 

ferrite and austenite, followed by water quenching to fabricate dual-phase (DP) structures.  

DP structures with different grain sizes ranging from 58.3 μm to 4.1 μm was obtained. 

 

  In Chapter 3, the mechanical properties of ferritic and DP structures with different grain 

sizes were evaluated to clarify grain size effect of them, using tensile test with DIC analysis.  

Mechanical properties of ferritic structures with different grain sizes were evaluated by a 

uniaxial tensile test at a strain rate of 8.3×10-4 s-1 and room temperature.  The yield strength 
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and ultimate tensile strength substantially increased with decreasing grain size.  The flow 

stress of each grain-sized specimen satisfied Hall-Petch relation.  Moreover, the mechanical 

properties of DP structures having different grain sizes were performed by the uniaxial tensile 

test.  With deceasing the grain size of DP structure, the mechanical properties (strength and 

elongation) was greatly enhanced, which is not the typical case of grain-refined materials.  

Strain of DP-structured tensile specimen during deformation could be measured by digital 

image correlation (DIC) analysis.  The fine-grained DP structure shows stable deformation 

even after occurrence of the macroscopic necking, resulting in increasing the total elongation.   

   

  In Chapter 4, deformation behavior in DP structure having different grain sizes was 

characterized by DIC analysis and in-situ neutron beam diffraction experiment.  Occurrence 

of strain partitioning between ferrite and martensite was recognized by DIC analysis in micro 

scale.  Deformation between two phases in fine-grained DP structure became homogeneous 

(i.e., small strain partitioning) compared with coarse-grained counterpart due to existence of a 

number of F/M interfaces.  Strain localization could be effectively suppressed in the fine-

grained DP structure owing to small strain partitioning (in micro scale) between ferrite and 

martensite, resulting in showing large total elongation (in macro scale).  The ratio of 

martensite to ferrite, which is an index expressing a homogeneity, substantially increased with 

decreasing grain size.  It was also found that the ratio of martensite to ferrite did not change 

at each specimen in spite of an increasing in applied strain.  It can be concluded that high 

homogeneity can make the elongation enhanced and was suggested that introducing the 

constraint such as interface is effective way to improve mechanical properties in DP structure 

even though the mechanical properties of each phase are identical.  Elastic strain of ferrite 

and martensite can be measured by in-situ neutron beam diffraction experiment during 

deformation.  The elastic strain of two phases started to deviate from the Young’s modulus.  
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The elastic strain of each phase actually deviates from Young’s modulus even within 

macroscopic yield strength.  It was also found that the martensite always has higher elastic 

strain than ferrite, and that increment of elastic strain for martensite and ferrite changes at a 

high stress condition.  Phase stress of ferrite and martensite can be calculated with revised 

elastic stiffness tensor and elastic strain of each phase obtained from in-situ neutron beam 

diffraction experiment.  It is found that phase stress in DP structures with different grain sizes 

shows apparent change with increasing applied external stress.  The phase stress increases 

linearly up to applied stress of approximately 200 MPa, and then it starts to deviate from iso-

stress condition in all the DP structures.  After occurrence of stress-partitioning, martenstite 

always shows much higher stress than ferrite.  Furthermore, when a strain attains 

approximately uniform elongation corresponding to the last point plotted on the graph, fine-

grained DP structure has much higher stress (1190 MPa) in martensite than other DP structures 

having stress (1022 MPa, 716 MPa, respectively) in martensite.  This result indicates that 

martensite in fine-grained DP structure has a capacity for having much higher internal stress 

than that in coarse-grained DP structures.  Combining results obtained by in-situ neutron 

beam diffraction experiment and DIC analysis, stress-strain curves of ferrite and martensite 

could be re-constructed from the stress-strain curve of DP structure.  It was found that 

deformation behavior of each phase was substantially different, martensite having much higher 

stress than ferrite.  Moreover, the martensite in fine-grained DP structure showed higher 

strength than that in coarse-grained DP structure.  In contrast, the strength of ferrite slightly 

increased with decreasing grain size.  Therefore, it can be said that the demonstration of high 

strength in grain-refined DP structure is caused by high strength in martensite, rather than 

ferrite.  Strain hardening rate of each phase by grain refinement was obtained from re-

constructed stress-strain curves of each phase.  It is found that the strain hardening rate of 

ferrite is near identical, irrespective of grain size.  This result indicates that improvement of 
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strain hardening rate in fine-grained DP structure does not caused by ferrite.  By contrast, the 

strain hardening rate of martensite had a drastic change with grain size.  The martensite in 

fine-grained DP structure was delayed effectively to the occurrence of plastic instability 

(eu=0.085) while the strain hardening rate of martensite in coarse-grained DP structure showed 

the very rapid decrease at early stage of strain (eu=0.053).  Therefore, it can be concluded that 

large uniform elongation realized in fine-grain DP structure is caused by improvement of 

uniform elongation of martensite, rather than ferrite, which is no other than enhancement of 

deformation potential of martensite by grain refinement. 

 

  In Chapter 5, ultrafine-grained ferritic and DP structure were obtained by the combination 

of heavy deformation and recrystallization.  Mechanical properties of obtained ultrafine-

grained ones were evaluated by the tensile test.  Ultrafine-grained ferritic structure with a 

grain size less than 1 μm could be obtained by cold-rolling with 90 % reduction ratio, followed 

by heat treatment at 600°C for recrystallization with ferritic and DP structures fabricated by 

repetitive heat treatment.  The obtained ultrafine-grained ferritic structure from DP structure 

showed much more homogeneous distribution in grain size without remarkable abnormal grain 

growth than that from ferritic structure.  The mechanical properties of ultrafine-grained 

ferritic structure was evaluated.  The ultrafine-grained ferritic structure had very high yield 

and ultimate tensile strength than coarse-grained ferritic structures.  Yield and ultimate tensile 

strength in ultrafine-grained ferritic structure satisfied Hall-Petch relation with other coarse-

grained ferritic structures.  However, ultrafine-grained ferritic structure showed very poor 

elongation due to occurrence of early plastic instability.  Ultrafine-grained DP structure could 

be obtained by intercritical annealing at 740°C with ultrafine-grained ferritic structure.  This 

ultrafine-grained DP structure showed very high tensile strength and adequate uniform 

elongation from the result of tensile test and strain hardening rate investigation.  However, 
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this had smaller local elongation than other grained DP structures.  Strain-partitioning 

between ferrite and martensite of ultrafine-grained DP structure was investigated by DIC 

analysis.  The ultrafine-grained DP structure showed more homogeneous deformation (i.e., 

smaller strain-partitioning) than fine-grained DP structure.  On the other hand, relatively large 

crack started from martensite in the ultrafine-grained DP structure was recognized even though 

almost same average strain was applied in ultrafine- and fine-grained DP structures.  That 

might be the reason why ultrafine-grained DP structure has small local elongation than others, 

nevertheless having more homogeneous deformation (small strain-partitioning) than others. 

 

  Chapter 6 concluded the new finding in the present research work. 
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