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ABSTRACT 

 

The microstructural and texture development with thermomechanical processing, 

performed through a combination of cold-rolling and annealing, in MA-956 plate consisting of a 

layered and inhomogeneous microstructure was systematically assessed. The alloy contained in 

mass percent, 20 Cr, 4.8 Al, 0.4 Ti, 0.4 Y2O3, and the balance iron. The starting material was 

as-hot-rolled plate, 9.7 mm thick. The as-hot-rolled plate was subjected to 40%, 60%, and 80% 

cold-rolling reduction and subsequently annealed at 1000℃, 1200℃, or 1380℃. Assessment of 

microstructural and texture developments before and after cold-rolling and annealing was 

performed using light optical microscopy (LOM), Vickers hardness testing, and electron 

backscatter diffraction (EBSD). Locally introduced misorientations by cold-rolling in each 

region were evaluated by Kernel Average Misorientation (KAM) maps. The as-hot-rolled 

condition contained a layered and inhomogeneous microstructure consisting of thin and coarse 

elongated grains, and aggregated regions which consisted of fine grains and sub-grains with 

{100} <011> texture parallel to the longitudinal direction. The microstructure of the 40% 

cold-rolled condition contained deformation bands, and the 60% and 80% cold-rolled conditions 

also contained highly deformed regions where the deformation bands were intricately tangled. A 

predominant orientation of (001) parallel to the rolling direction was developed during 

cold-rolling, becoming more prominent with increasing reduction. The magnitudes of KAM 

angles varied through the thickness depending on the initial microstructures. Recrystallization 

occurred in regions where high KAM angles were dense after annealing and nucleation sites 

were the aggregation regions, deformation bands, and highly deformed regions. The shape and 

size of the recrystallized grains varied depending on the nucleation sites. 
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CHAPTER 1: INTRODUCTION 
 

Oxide dispersion strengthened (ODS) ferritic materials are expected to be candidates for 

the long-life core components of fast breeder reactors and the construction of elevated 

temperature heat exchangers due to their excellent creep strength and outstanding heat resistance 

to prolonged exposure up to 1300℃ [1-3]. The excellent creep strength at elevated temperatures 

is given by nano-scale and uniformly dispersed oxide particles in a ferritic matrix, which inhibit 

dislocation movement and therefore delay the recovery and re-crystallization process [4]. The 

ODS microstructure is achieved by a powder metallurgy, mechanical alloying process, which 

permits the uniform introduction of dispersoid particles, such as oxides, into the matrix metal. 

INCOLOY MA956 alloy (UNS S67956) is one of the commercialized iron-base ODS 

alloys. It contains (in mass percent) 20Cr, 5.0Al, 0.5Ti, and fine, stable Y2O3 dispersions and is 

essentially a single phase, body-centered-cubic (BCC) 400 series stainless steel with the addition 

of aluminium and a stable oxide dispersion. There are a number of commercially attractive 

aspects to the MA-956 alloy such as a low thermal coefficient of expansion, which provides 

better thermal fatigue life than nickel and cobalt super alloys. The BCC crystal structure of the 

MA-956 has a lower density, 7.2 g/cm
2
, and thus higher strength to weight ratio, than nickel and 

cobalt base face-centred-cubic (FCC) structures, which have a density of 8.2 to 9.1 g/cm
2
. 

Improved oxidation, sulfidation and carburization resistance is provided by the formation of a 

stable and adherent alumina and alumina-chromium oxide spinel formed on the surface at 

elevated temperatures [5]. Finally, the alloy has a higher melting point, 1480℃, than the 1100 to 

1150℃ melting range of conventional nickel and cobalt base superalloys. 

Although one of the advantages of MA-956, high-temperature strength, is made possible 

by the introduction of a fine and stable Y2O3 dispersion as already mentioned, creep resistance 

can be also improved by the development of a coarse-grain microstructure with a high grain 

aspect ratio (GAR), or high ratio of grain length to width, oriented in the loading direction [5-6]. 

The commercial MA-956 products (sheet, bar, and tube) are shaped and their 

microstructures are controlled to be desirable for high-temperature performance via 

consolidation, hot-working, cold-working, and annealing from mechanically alloyed powder. 

During those thermomechanical processes, the microstructure, starting from as-consolidated fine 

grains, shows complicated development with recovery, dynamic recrystallization, and secondary 
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recrystallization. Since it is obvious that controlling thermomechanical processes is the key to 

determine the performance of MA-956 products, the development of the microstructure with 

thermomechanical processing has been discussed by a number of authors. Most literature [7-14] 

studied the texture development and recrystallization behavior of MA-956 alloys with regard to 

aspects associated to the primary recrystallization of these materials from the deformed structure 

(as extruded, hot isostatic pressing: HIP, or hot-rolling condition) and further secondary 

recrystallization to obtain coarse columnar grains. 

While a coarse columnar grain structure is desirable for high-temperature applications, it 

results in anisotropic properties and is problematic for processing and application where the load 

may be applied in multiple orientations. The coarse grain microstructure deteriorates the ductility 

of materials compared with fine one, and it also contributes toward cleavage fractures along 

(100) crystal planes at lower temperature [13, 15]. The anisotropic properties have thus made 

room temperature formability of MA-956 difficult. In order to supply MA-956 products with 

more isotropic properties, a process design for making more equiaxed and isotropic 

microstructure is required. Thus, it is important to systematically assess the effect of 

thermomechanical parameters on the microstructural and texture developments of MA-956. 

The objective of this study is to systematically clarify the microstructural development 

of hot-rolled MA-956 plate consisting of inhomogeneous microstructures produced through its 

previous deformation and thermal history. The investigation of the microstructural development 

of this alloy was performed by utilizing various cold-rolling and annealing processes followed by 

hardness measurements and characterization and analysis using light optical microscopy (LOM) 

and electron backscatter diffraction (EBSD) analysis. The characterization procedures were used 

to determine mechanisms of microstructural development as a function of starting grain structure 

in the as-received plate. 
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CHAPTER 2: BACKGROUND 

 

 A number of studies have been performed in the past to understand the microstructural 

development of MA-956 in several thermomechanical process and annealing conditions. In this 

chapter, not only basic information about MA-956 itself but also the microstructural 

development of the alloy after thermomechanical processing is discussed. 

 

2.1 Fundamental Information about MA-956 

Alloy MA-956 shows several attractive features for applications at elevated temperature 

due to its chemical compositions, and physical and mechanical properties. In this section, 

fundamental information of MA-956 is reviewed. 

 

2.1.1 Alloy Design 

 Table 2.1 [1, 15] shows chemical compositions of MA-956 compared with other ODS 

alloys and a commercial stainless steel, UNS S43000. PM 2000 is the equivalent material to 

MA-956 in Europe. PM 2000 contains higher Al content than MA-956 so PM 2000 exhibits 

better room-temperature corrosion behavior due to the formation of a denser and more 

mechanically stable alumina scale than MA-956 [96]. The matrix of MA-956 is essentially a 

stable single-phase, BCC alloy, with a melting point of 1480℃. MA-956 has enhanced oxidation 

resistance due to the high chromium and aluminum concentrations. The Y2O3 oxide dispersion, 

consisting of particles in the range of 30 to 50 nm in diameter, provides improvement of 

high-temperature creep and stress rupture life by inhibiting dislocation movement. 

 

Table 2.1 Representative chemical compositions of ODS ferritic alloys and commercial 

ferritic stainless steel [1, 15]. 
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2.1.2 Physical Properties of MA-956 alloy 

 The typical physical properties of MA-956, the other ODS alloys, and UNS S43000 are 

shown in Table 2.2 [1, 13, 15]. Compared with Ni-based ODS austenitic alloys, MA-6000 and 

MA-760, MA-956 has higher melting point and lower density. Those are the reasons why 

MA-956 possesses advantages in rupture strength and strength-to-weight ratio. MA-956 has 

thermal expansion coefficients similar to UNS 43000, while it has higher thermal conductivities 

than UNS 43000. Those properties of MA-956 allow this material to have better thermal fatigue 

life than UNS 43000 which has broad utility. 

 

Table 2.2 Typical physical properties of ODS alloys and UNS S43000 [1, 13, 15] 

 
 

2.1.3 Mechanical Properties of MA-956 

 Ferritic ODS alloys deformed in tension at high temperature are characterized by a lack 

of work hardening in the temperature range in which they are intended to be used. Figures 2.1 

and 2.2 [1] show the uniaxial tensile properties (longitudinal direction) of MA-956 cold-rolled 

sheet ranging from room temperature to 1300℃. Although both 0.2% yield stress and tensile 

strength decrease with increasing temperature, those strengths are maintained at some level even 

over 1200℃ due to the alloy’s high melting temperature. The ductility decreases sharply at 

temperatures above 600℃, because the alloy becomes more vulnerable to longitudinal separation 

of grain boundaries [16]. 

Figures 2.3 and 2.4 show the creep properties of ODS alloys compared with other alloys 

for high temperature applications. Although the stress rupture strengths of MA-956 or PM 2000 

are relatively low below 1000℃, they possess creep strength at temperatures significantly higher 

than is attainable with conventional alloys [17, 18].  
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Figure 2.1 0.2% yield stress and ultimate tensile strength of cold-rolled MA-956 sheet 

from room temperature to 1300℃. [1] 

 

 

Figure 2.2 Tensile elongation of MA-956 alloy from room temperature to 1300℃. [1] 
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Figure 2.3 Comparison of the creep-rupture capabilities of major classes of heat-resistant 

alloys [17]. 

 

 

Figure 2.4 1000h creep rupture strength of ferritic ODS alloys in comparison  

with that of conventional superalloys. [18] 
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2.2 Metallographic Structures and Dispersoids in Alloy MA-956 

The desirable strength of MA-956 at elevated temperature is achieved by its 

microstructure and dispersoids. In this section, metallographic structures and distribution of 

dispersoids in MA-956 are reviewed. 

  

2.2.1 Metallographic Structures in Alloy MA-956 

 It is well known that ODS alloys show distinctive recrystallization behavior which will 

be described in section 2.3; MA-956 is not an exception. As a result of the behavior, the 

metallographic structure of MA-956 displays columnar or directionally recrystallized grains. 

Figures 2.5, 2.6, and 2.7 show some typical macro and microstructures of MA-956 after 

deformation and recrystallization [20, 21]. Figures 2.5 and 2.7 show a very coarse grained 

structure consisting of columnar grains with a high grain aspect ratio (GAR). The grain size is on 

the order of millimeters in the plane perpendicular to the extrusion direction (Figure 2.5 a). In the 

longitudinal plane (Figure 2.5 b and 2.7) the grains are highly elongated and oriented in the 

longitudinal direction. The serrated grain boundaries observed in the transverse plane (Figure 

2.6) are evidence of the pinning effect (Zener drag force) exerted by the fine oxide dispersions. 

This columnar grain growth occurs irrespective of whether the specimens are isothermally heat 

treated or zone annealed [20]. 

 

 

Figure 2.5 Typical macrostructure of MA-956 bar: (a) transverse and (b) longitudinal 

sections. [21] 
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Figure 2.6 Typical microstructure taken from transverse section of MA-956 showing 

serrated grain boundaries. [21] 

 

 

Figure 2.7 Typical metallographic structure taken from longitudinal plane of recrystallized 

MA-956 [22]. 

 

The columnar grain structure can be ideal for elevated temperature applications where 

high temperature strength is important due to the effect of GAR on high temperature properties. 

The columnar grains reduce grain-boundary sliding and slow Nabarro-Herring creep at elevated 

temperature [21]. Figure 2.8 [6] shows the increase in 100 hour stress rupture strength as a 

function of GAR. 

The GAR is a measure of the ratio of the grain size length to thickness (L/t) relative to 

the applied load. It has been demonstrated that the GAR can have a profound effect on high 

temperature properties of a material. A linear relation between GAR and high temperature 

strength was found as follows: 

σ = σe + K {(L / t)-1}  [2.1] 

Where σe is the strength of an equiaxed grain structure, K is a constant, L is the length of the 
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grain perpendicular to the load, and t is the thickness of the grain. While the development of a 

coarse grain microstructure provides improvements at high temperatures, it can often lead to 

difficulties in terms of room temperature ductility. BCC alloys exhibit a tendency towards brittle 

cleavage fractures at low temperature which is associated with the ductile-brittle transition 

temperature (DBTT). In addition, BCC alloys in particular exhibit cleavage type fractures along 

(100) crystal planes [22]. Coarse-grained BCC materials promote crack propagation and result in 

brittle fractures at low temperature. This tradeoff between low and high temperature performance 

is important for the MA-956 alloy. The operating environment for which it was designed is in the 

range of 0.75-0.85 of its melting point, while desired forming operations are in the room 

temperature to 200℃ range, around 0.2-0.3 of its melting point.  

The longitudinal direction of the columnar grains cannot be altered by changing the 

orientation of zone annealing [23]. The reason for this is that the initial powder consolidation and 

subsequent deformation (rolling or extrusion) lead to the alignment of oxide dispersions, thereby 

resulting in anisotropic pinning [13, 24-25]. 

 

 

Figure 2.8 Effect of grain aspect ratio: GAR = L/t on 100 hour rupture strength of ODS 

alloys [6] 

 

 

t
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2.2.2 Dispersoids in Alloy MA-956 

 It is known that the oxide particles, Y2O3, added to the starting powder are modified in 

the final product because they react with aluminum and oxygen during thermomechanical 

process to form mixed (Y, Al) oxide particles [18, 27, 28]. M. F. Hupalo and colleagues [21] have 

investigated the dispersoids in MA-956. Figure 2.9 shows a TEM micrograph of as-extruded 

MA-956 bar. It displays the presence of oxide particles rather uniformly dispersed in a ferritic 

matrix. There are two main types of particles: smaller particles with sizes ranging from 5 to 100 

nm and larger particles up to 500 nm. 

 

 

Figure 2.9 TEM micrograph of as-extruded MA-956 bar showing mixed (Y,Al) oxide 

particles dispersed in a ferritic matrix [21]. 

 

Quantitative size analysis of the smaller oxide particles is shown in the particle size 

distribution shown in Figure 2.10 [21]. The mean diameter of these dispersoids was 20 nm. From 

chemical analysis by EDX, the yttria particles, Y2O3, added to the starting powders react with 

aluminum and oxygen to form new compounds, mostly (Y, Al) mixed oxides, and these were 

identified as having tetragonal (Y3Al5O12) and orthorhombic (AlYO3) crystalline structures. 

However, when does the reaction occurs, and/or how the changed dispersoids affect the 

microstructural development, is uncertain. It is possible that this evolution of dispersoids during 

thermomechanical processing is an effective factor for microstructural development of MA-956, 

though the relationship between the character of the dispersoids and microstructural development 

has not been investigated comprehensively [21].  
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Figure 2.10 Size distribution of dispersoids in MA-956 bar [21]. 

 

2.3 Recrystallization Behavior of Alloy MA-956 

 It is well known that the Alloy MA-956 shows peculiar recrystallization behavior. To 

achieve the desirable microstructure for applications at high temperature, it is crucial to 

comprehend the behaviors. In this section, several features of recrystallization behavior in the 

alloy are reviewed. 

 

2.3.1 Overview of Recovery and Recrystallization Concepts 

 Recovery and recrystallization are the two most common softening mechanisms during 

and after hot or cold deformation. They are driven by stored strain energy from prior deformation. 

Recovery leads to the annihilation of dislocations and the formation of low angle grain 

boundaries and sub-grains [29]. Discontinuous recrystallization during hot deformation can 

occur through dynamic, metadynamic, and static processes or some combination as material is at 

high temperatures during or between deformation passes. A good definition of recovery is the 

“reduction or removal of work-hardening effects, without motion of high angle boundaries” [30]. 

Recrystallization usually occurs along existing grain boundaries but may nucleate on 

deformation bands, twins, or inclusions, especially in coarse grained materials deformed at high 

strain rates [29]. The recrystallization mechanisms in MA-956 influence its high temperature 

strength and manufacturability. It is, therefore, crucial to understand the recrystallization 

behavior of MA-956. 
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2.3.2 Recrystallization Associated with MA-956 Processing 

 After the mechanically alloying (MA) process, the powder MA-956 powder is canned 

and extruded/hot-rolled to produce the proper bulk form of the alloys. The as-MA powder has a 

grain size of 1-2 nm. During heating for either extrusion or rolling, the canned MA powder may 

recrystallize to a sub-micron grain size which is representative of the grain structure found 

immediately after consolidation (Figure 2.11 [15]). These very fine grain sizes are the result of 

the strains imparted on the powders during the MA process, which are true strains of the order of 

9. It is known that the material may dynamically recrystallize several times during the course of 

consolidation using hot-deformation. It should be noted that the sub-micron grains referred to 

above are truly grains with large relative misorientations, not simply dislocation cell structures 

generated by deformation [15]. 

 

 

Figure 2.11 TEM micrograph showing the sub-micron grain structure of mechanically 

alloyed and consolidated alloy MA-956 [15]. 

 

 Extrusion/rolling leads to an alignment of dispersoids along the working direction. The 

degree of alignment is pronounced in the case of the iron-base ODS alloys (Figure 2.12 [16]). 

Since this alignment of dispersoids would cause variations in the particle pinning effect [23], it is 

considered that recrystallized grain shows inhomogeneous grain growth. Indeed, the iron-base 

ODS alloys almost always tend to recrystallize into a columnar grained microstructure, with the 

principal growth direction being parallel to the extrusion/rolling direction, irrespective of 

whether the sample is zone annealed, cross annealed, or isothermally treated [16, 22]. 
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Figure 2.12 TEM micrograph showing the alignment of dispersoid particles in MA-956. 

The rows of dispersoids (ROD) are parallel to the extrusion direction identified 

by the grain boundary (GB) [23]. 

 

2.3.3 Recrystallization Temperature of Alloy MA-956 

 Recrystallization of ODS alloys occurs at exceptionally high temperatures, of the order 

of 0.9 of the melting temperature, Tm. This contrasts with recrystallization at about 0.6 Tm in 

ordinary variants of similar metallic alloys such as ferritic stainless steels [15, 24]. Despite their 

higher recrystallization temperatures, the MA alloys contain more stored energy than 

conventional materials. Some measured stored energy data are listed in Table 2.3 [10, 11, 25, 32]. 

It has been assumed that recrystallization might be initiated when the grain boundary mobility 

suddenly rises because grain boundary solute drag effects are overcome at elevated temperatures. 

All of the mechanically alloyed metals considered here contain fine dispersoids, so it is 

reasonable to consider that recrystallization may occur after the dispersoids coarsen. However, 

various experiments show the absence of significant coarsening during recrystallization heat 

treatments [33] and insensitivity of the recrystallization temperature to variations in the overall 

pinning force [34]. 

These mechanisms have been considered in more detail [35]. It is suggested that 

activation energy for nucleation in the MA alloys is very large. This is because the alloys have an 

unusually small grain size prior to recrystallization. The nucleation of recrystallization occurs by 

the bowing of grain boundaries, a process which for conventional alloys is straightforward since 

the distance between grain boundary junctions is usually larger than between other strong 

GB 

ROD 

ROD 

ROD 

ROD 

ROD 
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pinning points. With the sub-micrometer grain size of MA alloys, the grain junctions themselves 

act as pinning points for grain boundary bowing as shown in Figure 2.13 [16], leading to greater 

activation energy for the nucleation of recrystallization, reportedly much greater than for 

self-diffusion [16]. It should be noted that activation energy for recrystallization in this model 

might be reduced if a few grains happen to be slightly larger than others, either because adjacent 

grains are similarly oriented or because of local variations due to the statistical distribution of 

grain orientations from the MA process. 

 

Table 2. 3 Enthalpy of recrystallization in ODS alloys [10, 11, 25, 32] 

Alloy 
Stored energy 

(J g
-1

) 

Condition 

before recrystallization 

MA-957 1.0 as-hot-rolled 

MA-956 0.4 as-hot-rolled 

MA-6000 0.6 as-hot-rolled 

MA-760 1.0 as-extruded 

 

 

Figure 2. 13 Schematic of nucleation of recrystallization by grain boundary bulging. 

  

This model for nucleation suggested a new concept that individual grains cannot be 

considered to be “topologically independent” when the grain size becomes sufficiency small. 

Some important consequences have been verified experimentally [10, 35]: 

(1) The model explains the high homologous recrystallization temperatures irrespective 

of alloy system. Recrystallization is retarded whenever the grain size is small 

enough for the grain junctions to act as pinning points during the formation of viable 

nuclei in the form of grain boundary bulges [10, 35]. 

 

(2) The model predicts that the recrystallization temperature should decrease if the 
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stored energy is reduced by a low-temperature heat treatment which leads to uniform 

grain coarsening. This behavior has been verified experimentally for several alloys. 

Since recrystallization should eventually become more difficult as the stored energy 

is reduced, the curve of recrystallization temperature versus grain size (or stored 

energy) should show a minimum. This prediction has also been verified 

experimentally [35]. 

 

As mentioned above, the relatively high recrystallization temperature of MA-956 alloy 

compared with other ferritic alloys is caused by the required high activation energy to overcome 

the excessively short length of grain boundaries. A number of authors have determined 

recrystallization temperatures of MA-956 or PM 2000 using various procedures as shown in 

Table 2.4 [7, 23, 25, 29] and Figure 2.14 [23]. 

 

Table 2. 4 Recrystallization temperatures and times for MA-956 and PM2000 in various 

conditions 

Material Shape Cold-working 

Amount 

SRXT*** CRXT**** Ref. 

Temp. 

(℃) 

Time 

(min) 

Temp. 

(℃) 

Time 

(min) 

 

MA-956 Bar As-hot rolled uncertain uncertain 1350 60 [25] 

Sheet 60% 1300 20 1300 uncertain [23] 

60% 1340 < 10 1340 60 

60% 1380 < 5 1380 30 

Rod & Tube As-extruded uncertain uncertain 1300 60 [29] 

Tube 10% (Drawing) uncertain uncertain 1150 60 

60% (HPTRR*) 950 60 1100 60 

Sheet 60% (HPTRR*) uncertain uncertain 1200 60 

Bar 25% (Drawing) uncertain uncertain 1000 60 

PM 2000 Bar As-extruded 900 60 1250 60 [7] 

HPTR*: High-Pressure Tubing Reduction Rolling, CW**: Cold Working 

SRXT***: Recrystallization Start Temperature 

CRXT****: Recrystallization Completion Temperature 
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Figure 2.14 Percent recrystallized area of MA-956 cold-rolled sheet as a function of 

annealing time at each temperature indicated [23] 

 

A typical recrystallization temperature for MA-956 is around 1350℃ for 60 min in 

laboratory air after a normal extrusion process [7, 22]. However, in MA-956 and PM 2000, that 

the starting and completing recrystallization temperatures can also be sensitive to the initial 

microstructure and prior processing as indicated in Table 2.4. For instance, C. L. Chen, et al. [7] 

determined that the recrystallization temperature of as-extruded PM 2000 bar was under 1250℃ 

and they mentioned that a more severe extrusion procedure may have been used on the bar. This 

procedure provided a more highly deformed microstructure, and both recrystallization nucleation 

and growth were therefore encouraged at a lower temperature. In addition, Regle and Alamo [29, 

67] have investigated the effect of cold-deformation (swaging and drawing) on the 

recrystallization behavior of MA-956. Swaging and drawing lead to a reduction in the 

recrystallization temperature, with the change being greatest for the cold-drawn samples. The 

corresponding maximum reduction in recrystallization temperature for MA-956 is for the 

cold-drawn samples, where the recrystallization temperature could be reduced from 1350 to 

950℃. It is possible that the texture change leads both to a reduction in the stored energy, and at 

the same time, a reduction in the recrystallization temperature. The texture could, for instance, 

lead to the clustering of adjacent grains into similar orientations. This would lead to an increase 

in the effective grain size, reportedly making the nucleation of recrystallization easier [67]. The 

anisotropic recrystallized grain structure has been demonstrated to become refined with greater 

of deformation. Thus, deformation must enhance the nucleation rate of recrystallization. 
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 Although it is important to understand the recrystallization temperature and subsequent 

recrystallization behavior to control the desired microstructures of MA-956 alloys for various 

applications, a common perspective on microstructural developments is still uncertain due to 

variations in both initial condition and processing in the literature studies. 

 

2.3.4 Secondary Recrystallization in Alloy MA-956 

 Classic secondary recrystallization, sometimes called abnormal or exaggerated grain 

growth, occurs only after primary recrystallization, which is usually dynamic recrystallization 

during consolidation (e.g. HIP or extrusion) and hot-deformation. During secondary 

recrystallization, a limited number of grain boundaries break away and cause rapid grain growth 

resulting in very large, columnar grain structures. Typically the driving force for secondary 

recrystallization has been assumed to be due primarily to surface energy considerations only and 

not related to prior work or stored strain energy. Computer simulation work by Srolovitz et al. 

[36] indicated, however, that the normal grain growth process is very stable and more than 

surface energy driving forces may be needed to promote secondary grain growth. It has been 

suggested that a combination of surface energy and stored strain energy may be driving the 

process. A considerable amount of research has been conducted and several theories have 

evolved around the secondary recrystallization phenomenon. The fine dispersion in the ODS 

alloys inhibit both recovery and recrystallization by pinning boundaries, sub-boundaries, and 

dislocations [36-38] and can result in a well ordered stable substructure of low angle boundaries. 

Subsequent annealing at high temperatures, above that needed for normal grain growth, is 

believed to trigger the secondary recrystallization process. 

 With recent regard to solute drag affects on boundary mobility, Jongenburger et al. [40] 

examined a MA 6000 nickel-base ODS alloy and suggested that the onset of secondary 

recrystallization may be due primarily to boundary breakaway from solute drag influences and 

that the process is principally determined by the “chemical nature of the boundary”. The 

assumption is that complete removal of the boundary pinning influence of dispersoids would 

only increase secondary recrystallization boundary migration by a factor of 2 to 3, while the 

breakaway from solute drag would increase boundary mobility by approximately 6 orders of 

magnitude [39]. This latter effect would be more consistent with the observed increase in 

boundary velocity from that of normal grain growth (up to 0.1 nm / sec.) to that of the very rapid 



18 

 

(up to 150 µm / sec.) secondary grain growth boundary velocity. 

 The boundary mobility term also relates to the structure of the boundary. Recent work 

with regard to the secondary recrystallization process in the Fe-3%Si system by Harese, Shimizu, 

and others [41, 42, 43] has been directed toward evaluating the “coincidence” or boundary 

structure relationships between adjacent grains. This work is discussed in the context of Hillert’s 

grain growth model [44]: 
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where “R” is the secondary recrystallized grain size, “Rc” is the critical grain size of primary 

matrix grains, “A” is a shape factor, “M” is the mobility term, “E” is average grain boundary 

energy of primary matrix grains, “Z” is the Zener factor, and “t” is time. The principal hypothesis 

behind this work is that coincidence boundaries of the primary matrix grains are highly mobile 

and secondary recrystallization is promoted because the growing grain is surrounded by the 

coincidence boundaries [44]. 

 K. Lucke, G. Abbruzzese, et al. [45-48] have also dedicated considerable time and effort 

to evaluating grain growth and secondary recrystallization, especially related to 

texture-controlled grain growth. Considerations are based on orientation variations between the 

surrounding crystal and the growing grain. 

 

2.4 Microstructural and Texture Development of MA-956 Associated With Recrystallization 

Many data suggest that texture can influence the recrystallization behavior, however the 

mechanism is still unclear. To clarify the mechanism, it is important to systematically understand 

microstructural and texture development in relation to recrystallization behavior. In this section, 

some studies involving microstructural and texture development of MA-956 associated with 

recrystallization are investigated are reviewed. 

 

2.4.1 Microstructural and Texture Development in Cold-Rolled MA-956 

As-hot-deformed (extrusion, HIP or rolling) and as-cold-deformed (rolling, drawing, or 
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tubing) MA-956 alloys show characteristic texture components. A study of ferritic stainless steels 

by Tsuji et al. [51] concluded that the presence of a (100) [011] rolling deformation texture 

reportedly strongly influences nucleation, recrystallization, and grain growth. The (100) [011] 

texture is reportedly associated with a substructure containing a very uniform dislocation density 

[51]. Hence, the nucleation sites for recrystallization are limited during annealing, resulting in 

coarse recrystallized grains after annealing. 

R.C. Klug et al. [13, 23] observed very strong (100) <110> deformation textures in both 

hot- and cold-rolled sheets of MA-956 as shown in Figure 2.15 [23]. Hot-rolling to 97% 

reduction in thickness at around 1050℃, was follow by cold-rolling proceeded to 60% reduction 

in thickness. Pole figures were produced, deformation texture, established during the hot rolling 

process, is carried into the cold rolled sheet. The majority of the grains have similar 

crystallographic orientations. This type of (100) <110> deformation texture development is 

consistent with observed deformation of BCC alloys [52-56]. Figure 2.16 schematically shows 

this BCC crystallographic orientation relationship in the cold-rolled sheet as indicated by the 

(100) <110> deformation texture. Relative to the strong (100) <110> deformation texture, the 

transverse metallographic sections would be parallel to the (110) plane.  

Figure 2.17 shows five (110) pole figures produced at various depths from the 

cold-rolled sheet surface to the centerline; there is an increasing intensity of the deformation 

texture from a 2.5 times normal at the surface to an extremely strong 9.9 times normal measured 

near the centerline of the sheet. This result suggests that the deformation gradient formed by 

cold-rolling introduces an intensity gradient of the {100} <011> texture and accordingly 

influences anisotropic recrystallization behavior. 

 

2.4.2 Fiber Texture Development with Recrystallization 

It is known that textures in BCC steels are mostly composed of certain orientation fibers 

in “orientation space” [61]. The important fibers are listed below (RD refers to the rolling 

direction and ND to the normal to the sample plane): 

α-fiber: <110> // RD {001} <110> to {110} <110> 

γ-fiber: {111} // ND {111} <110> to {111} <112> 

η-fiber: <001>// RD {100} <001> to {110} <001> 

Their main features can be represented in a condensed manner by plotting the orientation density 
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along these fibers. Chou et al. investigated the fiber textures in as-hot-rolled MA-956 bar [22]. 

Their fiber texture analysis indicated that a prominent α-fiber texture was present in as-hot-rolled 

MA-956 bar as illustrated in Figure 2.20. After annealing at 1350℃ for 1 hour, specific changes 

in the intensities of the fiber texture occurred as shown in Figure 2.21. When compared with 

Figure 2.20, it is clear that the α-fiber orientations (with the exception of the {111} <110> 

component) are strongly decreased, while the {011} <100> component, known as the Goss 

orientation, is developed in the recrystallized MA-956 bar. 

 

 

Figure 2. 15 Pole figures from hot and cold rolled sheet, a) (110) reflection and b) (200) 

reflection [23]. 
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Figure 2.16 Schematic drawings showing the BCC crystal orientation relative to the sheet 

for the (100) <011> rolling texture [23]. 

 

 

 

Figure 2. 17 Five (110) pole figures produced at various depths in the cold rolled sheet, a) 

surface, b) 0.025mm depth, c) 0.089mm depth, d) 0.173mm depth, and e) 

0.251mm depth (center of the sheet) [23]. 
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Figure 2.18 Schematic drawing illustrating the proposed sequence pf microstructural 

development in MA-956 sheet: a) cold-rolled structure, b) centerline nucleation, 

c) stage I: rapid two-dimensional growth, d) stage II: through thickness growth, 

and e) final coarse grain microstructure [23]. 
 

 

Figure 2.19 Recovered and recrystallized regions parallel to the rolling plane in a specimen 

annealed at 1340℃  for 10 min, (a) Bright Field TEM micrograph of 

recovered- recrystallized interface, (b) SADP from the recovered area, and (c) 

SADP from recrystallized area [23]. 
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Figure 2.20 Fibers of deformation texture for MA-956 and MA-957 bar after hot-rolling at 

1000℃ [22]. 

 

 

Figure 2.21 Fibers of deformation texture for recrystallized the hot-rolled MA-956 and 

MA-957 bar after annealing at 1350℃ for 1 hour [22]. 

 

Chou et al. also discussed the mechanism of nucleation for recrystallization, in the 

MA-956 bar, from the correlation between the texture before and after recrystallization. There 

are generally three mechanisms of nucleation [63, 64]. The first one is that nucleation of 

recrystallization occurs continuously with recovery via sub-grain coalescence. The second one is 

that nucleation occurs from deformation bands where lattice orientations are locally changed by 

deformation. The third one is strain-induced grain boundary migration, which is alternatively 

called grain boundary nucleation. When the recrystallized texture is developed by the grain 

boundary nucleation mechanism, it is expected that the texture components of recrystallized 

condition are close to that of the deformed condition. Since the γ-fiber components are found in 
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the deformed condition, and the γ-fiber is sharpened while α-fiber is diminished after 

recrystallization, it is assumed that preferred nucleation at grain boundaries leads to the 

stabilization of the γ-fiber at the expense of α-fiber. In addition, the {011} and {111} texture 

components should continuously nucleate first since the stored energy reportedly increases in the 

order of {001}-{112}-{111}, while the very weak {011} component has the highest stored 

energy of all [66]. This priority order for continuous recrystallization was based on stored energy 

pointed out by Dillamore et al. [63] suggesting that the sequence of increasing stored energy 

corresponded to the total amount of dislocation motion that had taken place. Therefore, 

nucleation of {011} and {111} texture components have the longest available time for growth. 

Additionally, since recrystallization occurs at very high temperatures in MA-alloys, the most 

potent nuclei are expected to grow rapidly and become dominant in the final microstructure. This 

explains the strong Goss component {011} <100> developed in recrystallized MA-956 alloy. 

From these considerations, the authors concluded that both continuous nucleation and grain 

boundary nucleation contribute to the texture development during the recrystallization in the 

MA-956 bar. 

 

2.5 Effect of Microstructure Heterogeneity on Recrystallization Behavior of Ferritic alloys 

 Ferritic ODS alloys often exhibit inhomogeneous microstructures due to their distinctive 

recrystallization behavior, their heterogeneity of thermal history and deformation, and the strong 

processing dependence of their initial microstructure and texture. In this section, the texture 

development of ferritic alloys during dynamic recrystallization is introduced, and then 

microstructural and texture developments in ferritic ODS alloys consisting of heterogeneous 

microstructures with recrystallization treatment are also presented. 

 

2.5.1 Texture Development in Ferritic Alloys During Dynamic Recrystallization 

 The dynamic recrystallization of ferritic alloys is very different from the typical 

dynamic recrystallization behavior of austenitic alloys in several respects. One of the differences 

is that the recrystallization behaviors are varied in each grain. Tsuji et al. and Kawasaki et al. 

[77-79] studied recrystallization behavior with hot-compression in Fe-18%Cr alloys possessing 

various initial crystal orientations and concluded that the grains with <001> and <111> initial 

orientation known as stabilized orientations in compression are hardly recrystallized. Single 
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crystal specimens have also been used to show that recrystallization in ferritic alloys depends on 

the initial crystal orientation [68-71]. Tsuji et al. [51, 72-76] showed that the initial crystal 

orientation dependence of recrystallization in single crystal ferritic alloys is the same as in 

polycrystalline rolled sheet where the deformation is constrained by grain boundaries, and grains 

with an initial orientation of {001} <110> are hardly recrystallized. It is assumed that the 

dependence of recrystallization on initial crystal orientation also occurs in ferritic ODS alloys, 

and may lead to heterogeneous microstructural development. 

 

2.5.2 Microstructural and Texture Developments of Heterogeneous Microstructures Formed 

by Hot Deformation. 

Generally, dynamic recrystallization can occur when both thermal and strain energy are supplied 

during hot-deformation. Chen et al. [7] studied the recrystallization behavior of PM 2000 bar 

with isothermal heat treatments. In this study, the as-extruded bar had an inhomogeneous 

microstructure, which consisted of coarse dynamic recrystallized grains and fine recovered 

sub-grains. The coarse elongated grains (about 20 µm in thickness) only appeared in the near 

surface region of the bar while the fine elongated grains (less than 1 µm), which are distinct 

grains and sub-structures and varied grain orientations highlighted with different colors in grain 

orientation map, appeared in the interior region (50 µm from the surface) as shown in Figure 

2.22. In the grain boundary misorientation angle map, each line indicates misorientation angles: 

pink lines for over 20°, blue lines for 11°-20°, green lines for 6°-10°, and yellow lines for 2°-5°. 

Deformation heterogeneities may have been introduced during hot-extrusion due to friction and 

geometry constraints, and also because the surface and the interior of the bar are likely to have 

been at different temperatures, resulting in the heterogeneous microstructures through the bar 

thickness. After subsequent annealing at 900℃, a few re-crystallized grains had started to form at 

the outer region of the bar. The size of the secondary re-crystallized grains was from 

approximately 50 to 200 µm and was much greater than that of the dynamically re-crystallized 

grain size in the interior of the extrusion as shown in Figure 2.23. This behavior implies that 

during annealing, the large stored energy created in the outer region of the bar during 

thermomechanical processing provides a large driving force for secondary recrystallization.  
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Figure 2. 22 The microstructure of the as-extruded PM2000 bar in the near surface region: 

a) an SEM channeling contrast image, b) grain orientation map, and c) grain 

boundary misorientation angle map [7]. 
 

 

Figure 2.23 The microstructure in the cross section: of the extruded PM2000 bar after 

annealing at 900℃, a) an SEM channeling contrast image, and EBSD mapping 

in the outer region of the bar, b) an SEM channeling contrast image, c) grain 

orientation map, and d) grain boundary misorientation angle map [7]. 
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After annealing at a higher temperature of 1200℃, the extruded PM2000 bar completely 

recrystallized to grain diameters of up to several millimeters as shown in Figure 2.24. Annealing 

at this temperature, 1250℃, promotes the formation of coarse secondary recrystallized grain 

structures that consumed the fine grains present in the as-extruded condition. In addition, the 

outer-most regions of the bar in the cross section seem to have a fine grain structure. This could 

be attributed to the large stored energy that builds up in the outside region, where deformation 

heterogeneity encourages the formation of a large number of nucleation sites. One area in the 

outer region of the bar exhibits some as-consolidated grains approximately 50 µm remaining. In 

this region, the substructure contains a few low angle boundaries as shown in Figure 2.24 (c) and 

(d). The low angle boundaries are pinned by oxide particles, while the high angle boundaries 

have sufficient energy for secondary re-crystallization. 

 

 
Figure 2.24 The microstructure in the cross section of the extruded PM2000 bar after 

annealing at 1250℃: a) and b) SEM channeling contrast images, and EBSD 

mapping in the outer region, c) grain orientation, and d) grain boundary 

misorientation angle maps [7]. 

 

2.5.3 Microstructural and Texture Developments in Heterogeneous Microstructures After 

Cold Deformation 

Plastic deformation in coarse-grained materials leads to the development of 

inhomogeneous microstructures when compared to the relative homogeneity found in 
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fine-grained microstructures. Furthermore, coarse-grained materials tend to display 

microstructures subdivided by deformation heterogeneities like deformation bands and shear 

bands [8, 80, 81]. These deformation heterogeneities play an important role during further 

recrystallization because of the presence of large misorientation angles associated with these 

deformation-induced boundaries. Hupalo et al. [8, 9] studied the microstructural development 

during static recrystallization of MA-956 bar having coarse columnar grains parallel to the 

longitudinal direction. Cold swaging was performed at several reductions and followed by 

annealing. Cold swaging of the MA-956 bar led to the development of an inhomogeneous 

microstructure. Deformation banding was observed to occur in all grains as shown in Figure 2.25, 

and the band morphology and spacing varied from one grain to another as shown in Figure 2.26. 

In addition, the microstructure of deformed specimens varied from the grain boundary to the 

interior of the grains, especially in coarse-grained materials. Figure 2.27 shows that the 

deformation band spacing in the upper grain (grain A) narrows when the neighboring grain 

(boundary marked by a dashed line) approaches. 

The misorientation angles associated with the deformation bands reached values of 

about 30° for samples deformed to 47% reduction as shown in Figure 2.28. In addition, the 

grains tended to display the so-called curly microstructure (Figure 2.29) and develop a sharp 

<110> α-fiber texture during cold swaging. This deformation texture was strengthened with the 

increment of applied strain as shown in Figure 2.30. 

The annealed microstructures of the cold swaged specimens were also found to be very 

heterogeneous in terms of grain size and morphology. Figure 2.31 shows an example of the 

coexistence of recrystallized regions (indicated by Rx) and recovered regions indicated by the 

arrow in a sample deformed to 72% and further annealed at 1400℃ for 1hr. 

Three types of grain morphologies were present in the recrystallized microstructure as 

listed below: 

1) Equiaxed grains resulting from nucleation within wavy deformation bands (former curly 

grain structure) 

2) Equiaxed grains confined within planar deformation bands 

3) Elongated grains confined within deformation bands 

Figure 2.32 shows examples of each of these three types of grain morphologies. The 

morphologies of type 1 and 2 occur preferentially in the central region of the bar, and the 



29 

 

equiaxed grain size was about 20 µm. The morphology of type 3 is often found at the surface of 

the bar and these elongated grains have a grain aspect ratio (GAR) above 10. 

 

  

Figure 2.25 Set of macrographs depicting the extent of deformation banding with strain in 

transverse sections of MA 956 bar a) as-received; b) 20 % reduction; c) 47 % 

reduction; d) 61 % reduction; e) 72 % reduction (LOM) [8]. 

 

(c)(b)
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Figure 2.26 Transverse sections of deformed samples showing banded regions: a) 47 % 

reduction; b) 72 % reduction (LOM). Note the differences in terms of grain 

subdivision in adjacent grains [8]. 

 

 

Figure 2.27 Detail of grain boundary region in a sample deformed to 47 % reduction 

(LOM) [8]. 

 

 

Figure 2.28 EBSD mapping of MA-956 bar deformed to 47 % reduction: a) OIM showing 

details of its microstructure, b) IQ map, c) misorientation profile along line 1 

(transverse section) [8]. 

1
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Figure 2.29 Transverse section of MA-956 bar sample deformed to 72 % reduction showing 

the curly grain structure (LOM) [8]. 

 

 

Figure 2.30 Texture evolution during cold swaging of MA 956 alloy. (110) and (200) pole 

figures for samples deformed to: a) 20 %, b) 47 %, c) 61 %, and d) 72 % 

reduction [8]. 

 

   

Figure 2.31 The morphologies found in recovered and recrystallized regions after 72 % 

reduction and annealed at 1400°C for 1 h (LOM) [9]. 
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Figure 2. 32 The different grain morphologies observed in recrystallized regions: a) type 1, 

b) type 2, c) type 3 of a sample deformed to 72% reduction and annealed at 

1450°C for 1 h (LOM) [9]. 

 

The inhomogeneity in microstructural development of MA-956 alloy can be produced 

during not only dynamic recrystallization but also cold deformation and subsequent annealing 

processes due to the heterogeneities of initial grain orientations and deformation responces. 
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CHAPTER 3: EXPERIMENTAL METHODS 

 

 The microstructural development of the MA-956 plate was characterized and analyzed 

by a variety of techniques. This chapter outlines the methods utilized to investigate the 

microstructural development of the as-hot-rolled MA-956 plate with variations in 

thermomechanical processing or annealing.  

 

3.1 Experimental Design 

 To observe microstructural developments as possible and systematically assess the 

effect of thermomechanical processing and annealing on microstructural development of the 

MA-956 plate starting from different types of grain structures, varying conditions of 

thermomechanical processing were selected. In this study, microstructures of the plate were 

assessed after various cold-rolling and annealing process routes. Three levels of reduction by 

cold-rolling were selected. Cold-rolling reductions of 60% were selected since the 

microstructural developments and the ranges of recrystallization temperatures of 60% cold-rolled 

sheets, starting from a homogeneous microstructure, have already been investigated by Klug et 

al. and Alamo et al. [22, 28]. A cold-rolling reduction of 80% was selected since it has been 

reported that a specific texture, (111)//RD, is often achieved by cold reductions of 75% or greater 

in low carbon steels [23, 85, 86]. Finally, a cold-rolling reduction of 40% reduction was selected 

to investigate the effect of lower reduction on the microstructural development. Alamo et al. [28] 

have reported that recrystallization starts at 1000℃ for 1 hour in a 25% cold-drawn bar and at 

1200℃ for 1 hour in a cold-rolled sheet with 60% reduction. Klug et al. have also reported that 

recrystallization was completed at 1380℃ for 1 hour in cold-rolled sheet with 60% reduction. 

Hence, three conditions for subsequent isothermal annealing after cold reduction were selected: 

1000, 1200, and 1380℃ for 1 hour. 

 

3.2 Material and Cold-Rolling 

 The MA-956 alloy plates, whose chemical composition is given in Table 3.1, were 

supplied by Los Alamos National Laboratory in the as-hot-rolled and subsequent 40%, 60%, and 

80% cold-rolled conditions. The initial MA-956 plate used in this study was produced by a MA 

process, and the composite powder was consolidated by hot-extrusion. The consolidated billet 
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was hot-rolled at 1050℃ to a thickness of 9.7 mm. The direction of hot-rolling was perpendicular 

to the direction of hot-extrusion. Cold-rolling was performed on the plate to achieve final 

thicknesses of 5.8, 3.9, and 1.9mm, resulting in 40%, 60%, and 80% reductions; the cold-rolling 

was carried out by multiple passes at room temperature. Some further details are included below. 

 

Table 3.1 Chemical composition of MA-956 (wt%). 

Fe C Cr Al Ti Y2O3 

Bal. 0.02 20.0 4.8 0.4 0.4 

 

3.3 Annealing 

Annealing of the cold-rolled plates was performed at 1000℃, 1200℃, and 1380℃ for 1 

hour in air. The specimens were air cooled following the annealing cycles. The isothermal 

annealing was performed in two furnaces, which had different temperature ranges. One was a 

laboratory CARBOLITE Model # CWF 1200 box furnace for annealing at 1000 and 1200℃, and 

the other was a laboratory DELTEC Model # DT-31-6 bottom loading furnace for annealing at 

1380℃. 

 

3.4 Specimen Preparation 

 To prepare specimens for observation and analysis of microstructural development, the 

as-hot-rolled plate was firstly sectioned into smaller pieces. The rolling and transverse directions 

of the plate were uncertain since these details of the processing history of the plate were not 

known. Cold-rollings of 40%, 60%, and 80% were performed parallel to the longitudinal 

direction of the as-hot-rolled plate. Figure 3.1 illustrates the schematic of the sectioning from the 

as-hot-rolled and all cold-rolled plates. Longitudinal cross-sections were cut from all the plates 

and then mounted in Bakelite. The mounts were first ground on 120 grit silicon carbide paper 

with a water lubricant to remove any burrs and ensure a flat surface. Following the rough grind, 

the mounted specimens were polished in steps shown in Table 3.2. Between polishing steps, the 

specimens were cleaned using diluted soap and water, followed by an ethanol rinse, and dried 

using heated air. Specimen preparation was performed from step one to five to produce light 

optical micrographs, and preparation for EBSD was done from step one to six. After step five, 

the specimens were rinsed with organic soap and water and immediately dried by heated air. 

Some pits were present in the material from the polishing steps and should not be interpreted as 
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precipitates. 

 

Figure 3.1 Schematic showing the sectioned specimens for observation and analysis of 

microstructural development of as-hot-rolled, and 40, 60, and 80% cold-rolled 

plates. 

 

Table 3.2 Steps used to prepare specimens for light optical microscopy (LOM) and 

electron backscatter diffraction (EBSD) 

Step Compound Lubricant Pad Time 

(minutes) 

Method 

1 None Water 120 – 1200 grit paper < 1 each Mechanical 

Grinding 

2 6µm 

Diamond Suspension 

Alcohol-based 

extender 

LECO Lecloth 3-6 Wheel 

3 3µm 

Diamond Suspension 

Alcohol-based 

extender 

LECO Lecloth 3-6 Wheel 

4 1µm 

Diamond Suspension 

Alcohol-based 

extender 

LECO Lecloth 2 Wheel 

5 Colloidal Silica 

(EBSD only) 

None LECO Lecloth >120 Vibratory 

Polisher 

 

3.5 Metallography 

 The general microstructure on longitudinal planes of the sectioned, mounted, and 

polished as-hot-rolled plate and all cold-rolled plates was observed using light optical 
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microscopy (LOM). The sectioned specimens were etched using Villela etchant (a solution of 2 

mg picric acid, 10 ml hydrochloric acid, and 200 ml ethanol) and the etching times ranged from 

10-15 seconds. To reveal some features of the microstructure which were not visible within 

10-15 seconds, etching was performed for approximately 30-45 seconds.  

 

3.6 Hardness Measurement 

 Hardness testing was performed on the mounted and polished specimens perpendicular 

to the rolling direction from the top surface to the bottom. Vickers indentations and 

measurements were performed on a Leco Model #M-400A hardness tester. Indentations were 

made with 500 gf loads and 15 second dwell times. 

 

3.7 Electron Backscatter Diffraction (EBSD) 

 Specimens from all conditions for EBSD were prepared using the techniques described 

in Table 3.2. Characterization of the microstructural development in the as-hot-rolled MA-956 

plates with thermomechanical processing was performed using EBSD with orientation imaging 

microscopy (OIM). These techniques allowed image quality (IQ) mapping, local grain 

orientation, and misorientation between grains or subgrains to be determined. A field emission 

scanning microscope (FE-SEM) combined with a charge couple device (CCD) camera was used 

for OIM. A specimen was inserted into the JEOL-7000F FE-SEM in the standard manner and 

then tilted to a 70° angle, with respect to the horizontal, towards the collection camera. After the 

specimen was tilted to 70°, the CCD camera was inserted into the FE-SEM chamber. Due to the 

high angle of tilt, the working distance (WD) varied across the specimen surface. Therefore, 

dynamic focus control (DFC) was turned on to keep the entire image in focus for data collection 

purposes. DFC was set to a value between 60 and 70 depending on the WD used. The SEM 

parameters used for EBSD data collection were as follows: 20kV accelerating voltage, 

100-2000X magnification, WD of 18, 20, or 27 mm and a probe current value of 11. Variations 

in the WD occurred due to differences in the size of the mounted specimen, limiting the distance 

available between the mounted specimen and the electron gun. 

 Incoming electrons impinge upon the specimen and interact with the periodic scattering 

potential of the specimen material’s crystal structure, causing the electrons to undergo 

backscatter diffraction [87]. The backscattered electrons strike a phosphor screen producing 
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indexible Kikuchi band patterns that are captured by the camera. Each scan in the present study 

was performed on an area of 700 µm x 700 µm or 25 µm x 25 µm with a scan step size of 3 µm 

and 0.1µm, respectively. With these parameters, scan times were approximately 30 minutes. 

Using EDAX-TSL OIM Data Collection 5.1 software, the collected patterns were indexed and 

used to provide the misorientation and image quality (IQ) results. IQ is a measure of the 

diffuseness or quality of the diffraction pattern. This parameter may be influenced by crystalline 

perfection, specimen preparation, or the phases and misorientations present [88]. IQ is also a 

measure of the dislocation density present within the material, which can provide information 

regarding the deformed, recovered, and recrystallized microstructures that are produced by 

thermomechanical processing and annealing. The data collection software used 100 frames to 

collect a background image, which was subtracted from the CCD camera signal. The gain and 

exposure were adjusted individually for each specimen prior to subtracting the background. The 

scans were then run against a standard BCC ferrite phase structure database for indexing. The 

average confidence index for each scan was approximately 0.6. The confidence index (CI) is a 

measure of fraction of Kikuchi bands indexed correctly, ranging from 0.0-1.0. A voting scheme is 

used to measure the CI, defined as [88]:  

�� =
�����

�� !"#
  (3.1) 

Where V1 and V2 are the number of votes for the first and second solutions, respectively, and 

VIDEAL is the total number of possible votes from the Kikuchi bands. When the CI is equal to 

zero, V1 and V2 are equal, so the Kikuchi pattern may still be indexed correctly [88]. A graph 

showing the fraction of correctly indexed Kikuchi bands as a function of the CI for an FCC 

material is shown in Figure 3.2. Even at a CI of 0.1, 95% of Kikuchi bands are indexed correctly. 

Once data collection was completed, data analysis was performed using TSL OIM Data 

Analysis 5.1 software. The pattern indexing in OIM is generally effective in identifying the 

orientation from a diffraction pattern. However, at times OIM has difficulty identifying some 

orientations such as at grain boundaries where the patterns often are made up of two superposed 

diffraction patterns from both crystal lattices separated by the grain boundary. Data from each 

scan was filtered using the Grain Dilation method with multiple iterations. The Grain Dilation is 

an iterative OIM data-filtering method that assigns an orientation to a point based on the known 

orientations of neighboring points [89]. The parameters of this filtering were that grain tolerance 
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angle was 5° and minimum grain size was 2 µm. In this way, the orientation of a filtered point is 

assigned to the orientation of the majority of neighboring points. In addition, to eliminate any 

scan data with a CI less than 0.1, neighbor CI correlation was also applied to all scan data. The 

parameter of this filtering was 0.1 in minimum CI. 

 

 

Figure 3.2 Correct EBSD indexing as a function of the confidence index for a 

polycrystalline FCC material [88]. 

 

 After the EBSD data were collected and filtered, several analytical tools were used to 

obtain grain misorientation and texture data. Pole Figure (PF), Inverse Pole Figure (IPF), IPF 

maps, IQ maps, and Kernel Average Misorientation (KAM) maps on the longitudinal planes of 

each specimen were generated to study microstructural development in the as-hot-rolled, 

cold-rolled, and annealed conditions. Orientations can be plotted as two dimensional projections 

in PFs. Such figures can be useful for simplifying the analysis of the orientation distribution. The 

PF is a stereographic projection that shows the distribution of a particular crystallographic 

direction in grains of a polycrystalline specimen with reference to the orientation of the plate 

during the cold-rolling process, i.e. rolling direction (RD), transverse direction (TD), and normal 

direction (ND) [90].  

In an IPF, the frequency with which a particular crystallographic orientation coincides 

with a particular specimen axis is plotted in a single triangle of a stereographic projection. An 

IPF can be used to describe the texture if two or three separate plots are used, one for each 

principal axis: ND, RD, and sometimes TD. At the default alignment of the software, RD, TD, 
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and ND of EBSD correspond to [100], [010], and [001], respectively as shown in Figure 3.3 [87]. 

These vectors define the specimen orientations and are not Miller indices defining the crystal 

orientations. Thus, a [001] inverse pole figure shows which a crystal direction in a crystal lattice 

is aligned with ND of the specimen reference frame (as defined by RD, TD & ND).  

 

 

Figure 3.3 The default direction alignments of EBSD [87] 

 

The image quality parameter or IQ describes the quality of an electron backscatter 

diffraction pattern. While the IQ is dependent on the material and its condition, it is not an 

absolute value but a function of the technique and parameters used to index the pattern as well as 

other factors such as the video processing. IQ is displayed in a map where the available range of 

grayscale value is normalized to the range of IQ values in a given map, so that unindexed points 

are dark and increasing brightness indicates increasing pattern quality [91]. This map is useful in 

visualizing areas of low or high dislocation density. In addition, the misorientations between the 

grain boundaries can be depicted in the IQ maps by the overlaying color-coded boundary 

segments. 

Deformed, recovered, and recrystallized areas can be distinguished from each other by 

analyzing local grain orientation gradients. KAM maps were used to visually identify local grain 

orientation gradients. The local differences in crystal orientations can be expressed by KAM 

defined as follows [92, 93]: 
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where αi,j is the difference in crystal orientation between measured point i and j, and n is the 

number of measured points. The KAM maps were constructed by calculating the KAM of every 

scanned point. The calculations were performed for the first nearest neighbors of every point that 

had a maximum misorientation of 25°. For a given point, the average misorientation of that point 

with all of its neighbors is calculated with the proviso that misorientations exceeding some 

tolerance value (25°) are excluded from the averaging calculation as shown in Figure 3.3. 

High-angle boundaries and heavily deformed areas in the microstructure typically reveal high 

values of the KAM, while KAM values of zero reflect crystalline regions with no misorientation. 

 

 
Figure 3.4 Example of EBSD reference pixel (center) with its six surrounding neighbors: 

relative misorientation between center pixel and its surrounding neighbors is 

calculated and averaged along the total boundary length to give a KAM value 

for that point. 
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CHAPTER 4: RESULTS AND DISCUSSION 
 

 This chapter presents and discusses the experimental results obtained from 

microstructural and texture characterization of as-hot-rolled MA-956 plate having an 

inhomogeneous microstructure before and after different stages of thermomechanical processing. 

The chapter is divided into four sections: microstructural characterization of the as-hot-rolled 

condition, microstructural and texture development with cold-rolling, subsequent annealing 

response, and recrystallization behavior.  

 

4.1 As-Hot-Rolled Plate 

 It is important to clarify the microstructure and texture of MA-956 plate in the 

as-hot-rolled condition since the recrystallization behavior of ferritic alloys has a strong 

dependence on initial microstructure, including grain size and orientation of each grain. 

Microstructure and texture characterization of the as-hot-rolled plate were conducted using light 

optical microscopy (LOM), hardness measurement, and electron backscatter diffraction (EBSD). 

In this section, the microstructure and texture of the initial state of the as-hot-rolled plate were 

characterized to provide a reference state for the microstructural developments produced by 

cold-rolling and annealing. 

 

4.1.1 Microstructure of As-Hot-Rolled Plate 

 The microstructural observations on the longitudinal plane of the as-hot-rolled plate by 

light optical microscopy (LOM) are shown in the montages in the left part of Figures 4.1.1 and 

4.1.2. The overall microstructure of the as-hot-rolled plate can be divided into 7 areas. The areas 

are summarized in Table 4.1.1. The micrographs in the right part of Figure 4.1.1 and 4.1.2 shows 

microstructures in each area at higher magnification. Area 1 ranged from the top surface to 3% of 

the depth and consists of thin elongated grains that are less than 100 ㎛ in thickness. This type 

of grain is labeled as a thin elongated grain. Area 2 ranged from 3 to 26% of the depth and 

consists of thicker elongated grains than that of area 1. The thickness of elongated grains in Area 

2 is more than 100 ㎛. This type of grain is labeled as a coarse elongated grain. Area 3 ranged 

from 26 to 54% of the depth and shows coarse elongated grains containing several small 

elongated grains etched differently from the coarse elongated grains. The thickness of the small 
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elongated grains is less than 50 ㎛. Area 4 ranged from 54 to 68% of the depth and also shows 

coarse elongated grains containing several small elongated grains, but the small grains of Area 4 

were thicker than that of area 3 (> 50 ㎛ in thickness). Area 5 ranged from 68 to 86% of the 

depth, and the microstructure consisted of coarse elongated grains and small elongated grains 

that appeared to be similar to those in Area 3. Area 6 ranged from 86 to 97% of the depth and 

consisted of coarse elongated grains, and its contrast is different from that of the other coarse 

elongated grains regions. Area 7 ranged from 97% of depth to the bottom surface and consists of 

coarse elongated grains. 

 

Table 4.1.1 Microstructural features of each area in the as-hot-rolled plate 

Depth from 

Top to Bottom surface Area Microstructure 

(mm) (%) 

0.0-0.3 0-3 1 Thin elongated grains(< 100 ㎛ in thickness) 

0.3-2.5 3-26 2 Coarse elongated grains(> 100 ㎛ in thickness) 

2.5-5.2 26-54 3 
Coarse elongated grains 

& small elongated grains (< 50 ㎛ in thickness) 

5.2-6.6 54-68 4 
Coarse elongated grains 

& small elongated grains (> 50 ㎛ in thickness) 

6.6-8.3 68-86 5 
Coarse elongated grains 

& small elongated grains (< 50 ㎛ in thickness) 

8.3-9.4 86-97 6 Coarse elongated grains 

9.4-9.7 97-100 7 Coarse elongated grains 

 

4.1.2 Hardness Distribution in the As-Hot-Rolled Plate 

 The hardness profile across the longitudinal plane from the top to bottom surfaces is 

shown in Figure 4.1.3. The only region with higher hardness than the rest of the plate is Area 6, 

which has a hardness of approximately 300 Hv compared with the other regions where the 

hardness values are distributed around 260-280 Hv. Area 6 was described as a coarse elongated 

grain with different contrast from the other coarse grains by LOM. Hardness results suggest that 

area 6 has a different microstructure or different orientation than the other areas. 
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Overall Area Low magnification High Magnification 
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Figure 4.1.1 Longitudinal plane LOM of area 1, 2, and 3 of the as-hot-rolled plate. Etched 

with Villela’s solution. 
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Overall Area Low magnification High Magnification 
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Figure 4.1.2 Longitudinal plane LOM of area 4, 5, 6, and 7 of as-hot-rolled plate. Etched 

with Villela’s solution. 
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Figure 4.1.3 Vickers hardness profile from the top to bottom surface on the longitudinal 

plane of the as-hot-rolled plate. 

 

4.1.3 Analysis of Microstructure and Texture of the As-Hot-Rolled Plate 

Further characterization of the as-hot-rolled plate was performed using electron 

backscatter diffraction (EBSD) and orientation image microscopy (OIM) to identify additional 

features of the microstructure in each area. Figure 4.1.4 and Figure 4.1.5 show Inverse Pole 

Figure (IPF) orientation maps, Pole Figures (PF), and Image Quality (IQ) maps with overlaid 

color-coded boundary segments of the selected regions containing all 7 areas defined in Section 

4.1 for the longitudinal plane of the as-hot-rolled plate. Figure 4.1.6 shows a key for the grain 

orientations and boundary misorientations shown in the proceeding figures and later results. In 

the IPF map, color output is directly linked to orientation by assigning red, green, and blue to the 

001, 011, 111 corners, respectively, of a stereographic triangle to describe poles that are parallel 
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to a selected specimen direction. The information from IQ maps displays the available range of 

grayscale values normalized to the range of image quality values in the given maps so that 

unindexed points are black and increasing brightness indicates increasing pattern quality. The IQ 

map is useful in visualizing areas of high dislocation density and/or aggregated regions of fine 

grains or sub-grains. Such areas should be displayed as dark images. The overlaid color coded 

boundaries in IQ maps have three types: low-angle boundaries (LAB, 2-5°), intermediate-angle 

boundaries (IAB, 5-15°), and high-angle boundaries (HAB, >15°). 

Area 1 (Figure 4.1.4) consists of thin elongated grains parallel to the longitudinal 

direction; the grains are less than 100 ㎛ in thickness. From the PF for Area 1, the elongated 

grains are not strongly textured but are more randomly oriented shown by multi-color. Area 2 

also consists of coarse elongated grains parallel to the longitudinal direction with thicknesses 

greater than 100 ㎛, and the grains are generally pink or purple colors in IPF maps. This texture 

will be discussed later. Area 3 consists of coarse elongated grains in which the texture is similar 

to Area 2 along with several small elongated grains (< 50 ㎛ in thickness) in which the IPF 

grains are mostly green, and also, HAB and IAB are dense in these regions as depicted by the 

IPF and IQ maps, respectively. Area 4 (Figure 4.1.5) consists of coarse elongated grains and 

small elongated grains and their textures are similar to Area 3, but the small elongated grains are 

thicker than those of Area 3 (> 50 ㎛ in thickness). The microstructure and texture in Area 5 are 

quite similar to Area 3. Area 6 consists of an elongated grain (green) which has the same texture 

as the small elongated grains observed in areas 3-5, and consists of other small features having 

various orientations. Strong {100} <011> components appear as shown in PFs for Area 3-6. Area 

7 consists of a coarse elongated grain, though it has a different orientation indicated by the purple 

region in the IPF map. 
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Figure 4.1.4 IPF maps, PFs, and IQ maps on the longitudinal plane of Areas 1, 2, and 3 of the as-hot-rolled plate. 

 

 

LD 

ND 

LD 

ND 

LD 

ND 

LD 

ND 

LD 

ND 

LD 

ND 



48 

 

 

Figure 4.1.5 IPF maps, IPs, and IQ maps on the longitudinal plane of Areas 4, 5, 6, and 7 of the as-hot-rolled plate. 
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(a) IPF map (b) IQ map 

 
 

 

 

Figure 4.1.6 Keys for (a) coloring of the IPF maps, and (b) determining the rotation angles 

of boundaries in IQ maps. 

 

The coarse elongated grains observed in Areas 2, 3, 4, 5, and 7 consisted mostly of 

textures shown as pink or purple colors in IPF maps, and were found through further analysis to 

represent {318} <311> textures, since discrete plots are concentrated around {318} and {311} 

poles in the ND and LD IPFs, respectively as shown in Figure 4.1.7. From Area 3 to Area 6, the 

green colored and grains parallel to the longitudinal direction are more distinct in the IPF maps 

and IQ maps, respectively. Figure 4.1.8 shows a higher magnification image of Area 6. From this 

analysis, the band within area 6 is characterized as aggregations of fine grains less than 5 ㎛ in 

thickness surrounded by HAB and sub-grains surrounded by LAB and/or IAB, and also this 

aggregation has a strong {100} <011> texture component as indicated by IPFs of the ND and LD. 

The ND intensity is high near {001} and the LD intensity in high near {101}. Although area 6 

was labeled as one coarse elongated grain from LOM observation, it is clarified that the 

microstructure of area 6 is an aggregation of fine grains and sub-grains from EBSD analysis. 

Since area 6 consists of fine grains, high hardness appeared in this area; this is known as the 

Hall-Petch effect. Those fine elongated grains are also parallel to the longitudinal direction. 

Those grains are distributed within the {318} <311> matrix in Area 3, 4, and 5, and they form a 

more banded structure in Area 6. While the {100} <011> component has been observed in 

various ferritic alloys and MA-956 in the as-deformed condition by a large number of authors 

(e.g. [7], [13], and [14]), considerably less is known about grains with {318} <311> texture. 

Hence, microstructural and texture development in CEG with {318} <311> texture by following 

thermomechanical process and annealing is expected to be a new aspect. 
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Figure 4.1.7 Texture analysis by IPF mapping and IPF analysis for coarse elongated grains 

of as-hot-rolled plate.  
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Figure 4.1.8 IPF and IQ maps, and IPF for the microstructure from Area 6. 

 

As mentioned above, the as-hot-rolled plate has an inhomogeneous microstructure. 

From the top to bottom surfaces, it has a layered microstructure mixed with elongated grains and 

aggregations of fine recrystallized grains and sub-grains. Table 4.1.2 describes the features and 

includes acronyms that will be used in subsequent discussion. The microstructures and textures 

determined on the longitudinal plane of the as-hot-rolled plate are summarized in Table 4.1.3 

from the LOM observation, hardness measurement, and EBSD analysis. 

 

Table 4.1.2 Definition of abbreviations corresponding to each microstructure type. 

Abbreviations original 
observed 

areas 
Note 

TEG 

Thin 

Elongated 

Grains 

Area 1 Composed of single-crystal grains 

< 100㎛ in thickness 

CEG 

Coarse 

Elongated 

Grains 

Area 2, 3, 4, 

5 and 7 

Composed of Single-crystal grains 

> 100㎛ in thickness 

AG 

Aggregation 

of Fine grains 

& Sub-grains 

Area 3, 4, 5, 

and 6 

Composed of fine grains and sub-grains 

< 5㎛ in thickness 

Elongated parallel to longitudinal direction 

 

 

 

 

 

 

 

ND 

LD 
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Table 4.1.3 Characterization of observed microstructures and textures on the longitudinal 

plane of as-hot-rolled plate. 

Depth from Top 

to Bottom 

surface 
Area Microstructure Hardness Texture 

(mm) (%) 

0.0-0.4 0-4 1 TEG 260-280 Hv Randomly distributed 

0.4-2.5 4-26 2 CEG 260-280 Hv {318} <311> 

2.5-5.2 26-54 3 
CEG 

AG regions 
260-280 Hv 

CEG: {318} <311> 

AG: {100}<110> 

5.2-6.6 54-68 4 
CEG 

AG regions 
260-280 Hv 

CEG: {318} <311> 

AG: {100}<110> 

6.6-8.3 68-86 5 
CEG 

AG regions 
260-280 Hv 

CEG: {318} <311> 

AG: {100}<110> 

8.3-9.4 86-97 6 
AG region 

(band) 
300 Hv {100}<110> 

9.4-9.7 97-100 7 CEG 260 Hv {318}<311> 

 

The as-hot-rolled MA-956 plate exhibited inhomogeneous microstructures produced 

through its prior deformation and thermal history. The TEG and CEG regions are high brightness 

points in IQ maps, consisting of dislocation-free grains, and it is preassumed that those regions 

have undergone recrystallization during or after hot deformation, while the AG regions have not 

recrystallized after hot-rolling. Although the full processing history of the as-hot-rolled plate was 

not available, the as-hot-rolled plate is considered to have not undergone uniform deformation 

during the hot-rolling process, and the two surfaces and the inside of the plate are likely to have 

been at different temperatures [7].  

 

4.2 Cold-Rolled Conditions 

Microstructure and texture characterization of the cold-rolled plates with 40, 60, and 

80 % reduction in thickness were also conducted using light optical microscopy (LOM), 

hardness measurement, and electron backscatter diffraction (EBSD). All cold-rolling directions 

are parallel to the longitudinal direction of the as-hot-rolled plate (RD of cold-rolling // LD of the 

as-hot-rolled plate). In this section, the microstructure and texture development after cold rolling 

are presented and compared with the as-hot-rolled plate. 
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4.2.1 Microstructure and Texture development 

 Light optical microscopy (LOM) was used to characterize the general microstructure of 

the cold-rolled conditions. The microstructural observations of the longitudinal plane of the 40% 

cold-rolled conditions by LOM are shown in Figure 4.2.1 and 4.2.2. The 40% cold-rolled 

condition shows layered microstructures strongly elongated parallel to the rolling direction and 

they can be divided into 7 areas similarly to the as-hot-rolled plate. From the top to bottom 

surface, Area 1 consists of TEG, Area 2 consists of CEG, Areas 3-6 consists of CEG and several 

thin elongated grains, and Area 7 consists of CEG. The 40% cold-rolled plate displays some 

deformation bands in Area 2 indicated by arrows in Figure 4.2.2. The deformation bands (DBs) 

are tilted at about 40 degrees with respect to the rolling direction. The length and angle of 

deformation bands seem to be dependent on the thickness and crystal orientation of the matrix. 

The deformation bands in Area 2 are sharply-defined and this Area corresponds to Area 2 of the 

as-hot-rolled plate where coarse elongated grains oriented with a {318} <311> texture were 

observed.  

Figures 4.2.3 and 4.2.4 show the microstructural observations on the longitudinal plane 

of the 60% cold-rolled plate. It is also divided into 7 areas. Area 1 consists of TEG, Area 2 

consists of CEG with DBs, Areas 3 and 4 consists of CEG and several thin elongated grains, 

Area 5 consists of CEG with DBs and several thin elongated grains, Area 6 consists of CEG, and 

Area 7 consists of CEG and several thin elongated grains. The deformation bands in Area 2 are 

especially well-defined, similar to the 40% cold-rolled plate. The deformation bands are again at 

inclined about 40 degrees with respect to the rolling direction.  

The microstructural observations on the longitudinal plane of the 80% cold-rolled 

conditions by LOM are shown in Figure 4.2.5 and 4.2.6. In the 80% cold-rolled plate, although 

the layered microstructure was maintained and the 7 areas can be distinguished by contrast and 

thickness, it was more difficult to identify DBs and microstructural features of each layer using 

LOM due to the high amount of deformation imposed. Therefore, microstructural developments 

in each layer after 80% cold-rolling were characterized by EBSD analysis. 
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Overview Area Low magnification High Magnification 
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Figure 4.2.1 Longitudinal plane LOM of Areas 1, 2, and 3 of the 40% cold-rolled condition. 

Etched with Villela’s solution. Arrows show deformation bands in the 

microstructure. 
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Overview Area Low magnification High Magnification 
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Figure 4.2.2 Longitudinal plane LOM of Areas 4, 5, 6, and 7 of the 40% cold-rolled 

condition. Etched with Villela’s solution. 
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Overview Area Low magnification High Magnification 
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Figure 4.2.3 Longitudinal plane LOM of Areas 1, 2, and 3 of the 60% cold-rolled condition. 

Etched with Villela’s solution. 
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Overview Area Low magnification High Magnification 
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Figure 4.2.4 Longitudinal plane LOM of Areas 4, 5, 6, and 7 of the 60% cold-rolled 

condition. Etched with Villela’s solution. 

 

 

 

 

 

 

 

 

 



58 

 

Overview Area Low magnification High Magnification 
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Figure 4.2.5 Longitudinal plane LOM of Areas 1, 2, and 3 of the 80% cold-rolled condition. 

Etched with Villela’s solution. 
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Overall view Area Low magnification High Magnification 

 

4 

 

5-6 

 

6-7 

 

 

Figure 4.2.6 Longitudinal plane LOM of Areas 4, 5, 6, and 7 of the 80% cold-rolled 

condition. Etched with Villela’s solution. 
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4.2.2 Hardness Distribution 

 The hardness measurements as a function of percent of depth from the top to bottom 

surface for the three cold-rolled conditions on the longitudinal plane are shown in Figure 4.2.7. 

The hardness profile from the as-hot-rolled plate is also included on the figure for reference. The 

hardness of the 40%, 60%, and 80% cold-rolled conditions is distributed around 340-360 Hv, 

350-370 Hv, and 360-380 Hv, respectively. The range of hardness increases with the amount of 

reduction in thickness and the high hardness area as shown in Area 6 of as-hot-rolled plate was 

not apparent in the cold-rolled conditions. This result suggests that higher strain energy were 

introduced rather in elongated grains that in AG regions. 

 

 

Figure 4.2.7 Vickers hardness from top to bottom surface on the longitudinal plane of the 

as-hot-rolled plate and cold-rolled conditions as a function of percent of depth 

from the top surface. 

 

4.2.3 Analysis of Microstructure and Texture Development 

 Further characterization of all cold-rolled conditions was performed using electron 

backscatter diffraction (EBSD) and orientation imaging microscopy (OIM). In addition, Kernel 

Average Misorientation (KAM) maps obtained by EBSD are presented to clarify detailed 
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changes in local misorientation introduced by cold-rolling deformation. Figure 4.2.8 shows a key 

for the KAM mapping shown in latter figures. Larger deformations will be seen below to 

generally result in higher KAM angles in the KAM maps [93]. Therefore, high KAM angles 

generally indicate large stored energies from cold-rolling. 

 

 

Figure 4.2.8 Color-coded Map Legend: Kernel Average Misorientation angles (units: 

degree) 

 

40% cold-rolled plate 

 Figure 4.2.9 and 4.2.10 show IPF orientation maps, PF, IQ maps with overlaid 

color-coded boundary segments, and KAM maps of the selected regions from all 7 areas defined 

in section 4.2.1 on the longitudinal plane of the 40% cold-rolled plate. The layers of the 40% 

cold-rolled condition are also composed of TEG, CEG, and AG regions. Crystal rotations of 

elongated grains are evident from analysis of PFs. All elongated grains tended to rotate so that 

some (001) planes were parallel to rolling plane as shown in PFs of each area with [100] 

directions parallel to ND. The DBs discussed in section 4.2.1 are also clearly identified in Area 2 

by the IPF, IQ, and KAM maps. Although the DBs in the other areas were not apparent by LOM, 

EBSD analysis showed DBs in Areas 1 and 5 as indicated by arrows. The magnitude of KAM 

angles on DBs differs within each area as shown in the KAM maps. While DBs with high KAM 

angles, over 10°, exist in Area 2 within the CEG microstructure, DBs with low KAM angles 

were observed in the Area 1 consisting of TEGs and in Area 5 where AG regions were present. 

High KAM angles were especially dense in Areas 2, 3, and 6. While the high KAM angles are 

present along the DB lines in Area 2, they are more randomly distributed in Areas 3 and 6 within 

the AG bands. Area 1 consists of TEG with (001)//rolling plane texture and DBs, Area 2 consists 

of CEG with (001)//rolling plane texture and DBs, Areas 3-6 consists of CEG with (001)//rolling 

plane texture, AG regions and DBs, and Area 7 consists of CEG with (001)//rolling plane texture 

and DBs. 
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Figure 4.2.9 IPF maps, (200) and (110) PF, IQ maps, and KAM maps for Areas 1, 2, and 3 of the longitudinal plane in the 40% 

cold-rolled condition. The arrows indicate DBs. 
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Area IPF map PF IQ map KAM map 

4 

 
 

  

5 

 
 

  

6 - 7 

 
 

  
Figure 4.2.10 IPF maps, (200) and (110) PF, IQ maps, and KAM maps for Areas 4, 5, 6, and 7 of the longitudinal plane in the 40% 

cold-rolled condition. The arrows indicate DBs. 
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60% cold-rolled plate 

 Figures 4.2.11 and 4.2.12 show IPF orientation maps, PF, IQ maps with overlaid 

color-coded boundary segments, and KAM maps of the selected regions containing all 7 areas 

defined in section 4.2.1 for the longitudinal plane of the 60% cold-rolled condition. The 60% 

cold-rolled plate also showed layered microstructures composed of TEG, CEG, and AG regions. 

In addition, a region showing a peculiar microstructure also appeared in Area 2 as indicated by 

arrows. This microstructure at higher magnification displayed multi-colored gradations, HABs, 

and high KAM angles (> 10°) in the non-AG regions as shown in Figure 4.2.13. In contrast, Area 

2 consisted of CEG and DBs in the 40% cold-rolled condition and Area 4 consists of CEG and 

AG regions in the 60% cold-rolled conditions. This microstructure observed in Area 2 of the 

60% cold-rolled condition is subsequently referred to as the heavily deformed region: HDR. 

Areas 3-5 consist of CEGs and AG regions, though the distribution of high KAM angles varies in 

each area. Area 4 exhibits larger number of high KAM angles, as well as stored energy, than 

Areas 3 and 5. Crystal rotations of elongated grains were also observed from analysis of PFs to 

be the same as the 40% cold-rolled conditions. Area 1 consists of TEG with (001)//rolling plane 

texture and DBs, Area 2 consists of CEG with (001)//rolling plane texture and HDRs, Areas 3-5 

consists of CEG with (001)//rolling plane texture, AG regions, and DBs, Area 6 consists of AG 

band, and Area 7 consists of CEG with (001)//rolling plane texture, AG regions, and DBs. 

 

80% cold-rolled plate 

 Figure 4.2.14 shows IPF orientation maps, PF, IQ maps with overlaid color-coded 

boundary segments, and KAM mappings of the selected regions containing all 7 areas defined in 

section 4.2.1 for the longitudinal plane of the 80% cold-rolled condition. The 80% cold-rolled 

plate shows a layered microstructure composed of TEG, CEG, AG, and HDR. The magnitude of 

KAM angles differs for each area as shown in the KAM maps. High KAM angles are distributed 

in almost all areas, especially in Areas 2 and 6, while the magnitude of KAM angles in Area 5 is 

notably low. The crystal orientations of elongated grains were observed from analysis of PFs to 

be similar to the 40% and 60% cold-rolled plates. Figure 4.2.15 shows IPF maps and PFs on 

CEG regions from Area 2 of the as-hot-rolled and different cold-rolled conditions. The resulting 

texture profiles from the plates show an increasing intensity of deformation texture, 

(001)//rolling plane, with cold-rolling reduction. The IPFs are more fragmented after heavy 
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cold-reduction, presumably due to substructure development during deformation. Area 1 consists 

of TEG with (001)//rolling plane texture and DBs, Area 2 consists of CEG with (001)//rolling 

plane texture and HDRs, Areas 3-5 consists of CEG with (001)//rolling plane texture, AG regions, 

and DBs, Area 6 consists of an AG band, and Area 7 consists of TEG with (001)//rolling plane 

texture and HDRs.  

 

4.2.4 Characterization of Cold-Rolled Conditions 

 The microstructure and the texture observations of MA-956 plate viewed on the 

longitudinal plane with three cold-rolling processes are summarized in Table 4.2.1 from LOM 

observation, hardness measurement, and EBSD analysis. From top to bottom through the 

thickness, the texture of the layered microstructures of the cold-rolled conditions is similar to 

that of as-hot-rolled plate. The order of microstructures from the top to bottom surface of each 

plate is similar to the as-hot-rolled and cold-rolled plates: TEG - CEG - CEG & AG regions - AG 

band - CEG or TEG. The thicknesses and morphologies of the TEG, CEG, and AG band and the 

distributions of AG regions after cold-rolling, however, appear different from the as-hot-rolled 

plate even allowing for the reduction of thickness by cold-rolling. For example, while the AG 

band (Area 6) of the as-hot-rolled plate appears as a single band, the AG band of the 40% 

cold-rolled plate is divided into three bands. It is considered that the difference of AG band 

morphologies is caused by the heterogeneous distribution of the AG band in the as-hot-rolled 

plate as a whole recognizing that different segments of the hot-rolled plate were used for 

cold-rolling. The results that are common in all cold-rolled plates are: 

(i)  The hardness of each plate was uniform. 

(ii) Crystal rotation occurred in TEG and CEG after cold-rolling such that (001) planes are 

increasingly oriented parallel to the rolling plane: (001)//rolling plane with cold-reduction. 

(iii) The deformed structures and misorientations introduced by cold-rolling depended on the 

thickness of each area in as-hot-rolled state. 

(iv) The resulting texture profiles from all plates shows an increasing intensity of (001)//rolling 

plane texture with cold-rolling reduction. 

(v) High KAM angles were generated in Area 2 which consists of CEG in the as-hot-rolled state. 

(vi) Low KAM angles were generated in Area 5, which contains of the AG band in the 

as-hot-rolled state. 
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Figure 4.2.11 IPF maps, (200) and (110) PF, IQ maps, and KAM maps for Areas 1, 2, 3, and 4 of the longitudinal plane in the 60% 

cold-rolled condition. The arrows indicate HDR. 
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Area IPF map PF IQ map KAM map 
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Figure 4.2.12 IPF maps, (200) and (110) PF, IQ maps, and KAM maps for Areas 4, 5, 6, and 7 of the longitudinal plane in the 60% 

cold-rolled condition.  

 

 

RD 

ND 

RD 

ND 

RD 

ND 

RD 

ND 

RD 

ND 

RD 

ND 



68 

 

 IPF map PF IQ map KAM map 
H

D
R

 

    

C
E

G
 &

 D
B

s 

    

C
E

G
 &

 A
G

 r
eg

io
n
s 

    
Figure 4.2.13 IPF maps, (200) and (110) PF, IQ maps, and KAM maps in HDR (Area2 in 60% cold-rolled condition), CEG & DBs 

(Area 2 in 40% cold-rolled condition), and CEG & AG regions (Area 4 in 60% cold-rolled condition)
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Figure 4.2.14 IPF maps, (200) and (110) PF, IQ maps, and KAM maps from Areas 1 to 7 of the longitudinal plane in the 80% 

cold-rolled condition. 
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Figure 4.2.15 IPF maps and IPF showing an increasing intensity of deformation texture, 

(001)//rolling plane, with cold-rolling in Area 2 of each plate. 
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Table 4.2.1 Summary of microstructure and the texture developments of MA-956 plate on the longitudinal plane with three 

cold-rolling processes. 

 

* %: % of depth from Top to Bottom surface 

* *MS: Microstructures 

 

 

 

 

 

*% **MS Texture Hv500 *% **MS Texture Hv500 *% **MS Texture Hv500 *% **MS Texture Hv500

TEG (001)//Rollig Plane TEG (001)//Rollig Plane TEG (001)//Rollig Plane 

DB tilt 40° DB tilt 40° DB tilt 40°

CEG (001)//Rollig Plane CEG CEG

DB tilt 40° HDR HDR

CEG {318} <311> CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

DB tilt 40° DB tilt 40° DB tilt 40°

AG grains {100} <011> AG grains {100} <011> AG grains {100} <011>

CEG {318} <311> CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

DB tilt 40° DB tilt 40° DB tilt 40°

AG grains {100} <011> AG grains {100} <011> AG grains {100} <011>

CEG {318} <311> CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

DB tilt 40° DB tilt 40° DB tilt 40°

AG grains {100} <011> AG grains {100} <011> AG grains {100} <011>

CEG (001)//Rollig Plane

DB tilt 40°

AG bands {100} <011>

CEG (001)//Rollig Plane CEG (001)//Rollig Plane TEG

DB tilt 40°

AG grains {100} <011>

340~360 93~100 350~370 94~100 360~380
AG grains {100} <011> HDR

(001)//Rollig Plane

84~94 AG bands {100} <011> 360~380

7 97~100 CEG {318} <311> 260 95~100

86~95 340~360 84~93 AG bands {100} <011> 350~3706 86~97 AG band {100} <011> 300

360~380
AG bands {100} <011>

5 68~86 260~280 65~86 340~360 350~370 63~84 360~380
AG grains {100} <011>

63~84

45~65 340~360 42~63 350~370 47~63

AG grains {100} <011>

4 54~68 260~280

(100)//RD 360~380

3 26~54 260~280 24~45 340~360 25~42 350~370

340~360 10~25 (100)//RD 350~370 11~24

24~47 360~380

2 4~26 CEG {318} <311> 260~280 7~24

360~380

Area
as-hot-rolled 40% cold-rolled 60% cold-rolled 80% cold-rolled

1 0~4 TEG Randomly Distributed 260~280 0~7 340~360 0~10 350~370 0~11
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4.3 Annealing Response 

 The investigation of annealing responses in the as-hot-rolled plate and cold-rolled plates 

was also performed by LOM, hardness measurement, and EBSD analysis. Since the as-hot-rolled 

plate and cold-rolled plates have layered and inhomogeneous microstructures as discussed in 

Sections 4.1 and 4.2, the response of the microstructures to annealing is also inhomogeneous. In 

this section, the effects of three annealing processes, 1000, 1200, and 1380℃ for 1hr, in each 

area of the as-hot-rolled plate and cold-rolled plates are discussed. 

 

4.3.1 Microstructure and Texture Development of As-Hot-Rolled Plate with Annealing 

Light optical micrographs from the longitudinal plane of the annealed as-hot-rolled 

plates are shown in Figures 4.3.1-4.3.3. The annealed as-hot-rolled plate maintains a layered 

elongated microstructure parallel to the longitudinal direction. After annealing at 1000 and 

1200℃ for 1hr, no changes in microstructure were evident compared with the as-hot-rolled 

condition. The plate annealed at 1380℃ for 1hr showed changes in some Areas. Although the 

as-hot-rolled and annealed at 1000 and 1200℃ plates could be divided into 7 areas, it is difficult 

to divide the annealed at 1380℃ condition into 7 areas with LOM, so the 1380℃ annealed plate 

was segmented into 7 areas by percent depth corresponding to the Areas identified in the 

as-hot-rolled plate. The primary changes in the microstructure with annealing at 1380℃ were in 

Areas 4, 6, and 7. Area 4, consisting of CEG containing some AG regions (> 50 µm in thickness) 

in the as-hot-rolled state, changed into two CEGs (labeled as CEG 1 and CEG 2) containing 

some fine grains (< 20 µm in thickness) as indicated by arrows. In addition, Area 6, consisting of 

an AG band in the as-hot-rolled state, disappeared and the grain boundaries between Areas 5-6 

and Areas 6-7 are not observed after 1380℃ annealing by LOM. Although the mechnism of 

those microstructural development can not be determined by LOM, it is assumed that the AG 

regions are recrystallized or are consumed by grain growth of CEGs. 
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as-hot-rolled 1000℃ - 1hr 1200℃ - 1hr 1380℃ - 1hr 

 

 
 

 

 

 

 

 

 

Figure 4.3.1 LOM images of microstructures from the longitudinal plane of the as-hot-rolled plates after annealing. Etched with 

Villela’s solution. 
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Area as-hot-rolled 1000℃ - 1hr 1200℃ - 1hr 1380℃ - 1hr 

1 

    

2 

    

3 

    
Figure 4.3.2 LOM images of microstructures form the longitudinal plane of Areas 1, 2, and 3 of the as-hot-rolled plates after 

annealing. Etched with Villela’s solution.  
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Area as-hot-rolled 1000℃ - 1hr 1200℃ - 1hr 1380℃ - 1hr 

4 

    

5 

    

6-7 

    
Figure 4.3.3 LOM images of microstructures form the longitudinal plane of Areas 4, 5, 6, and 7 of the as-hot-rolled plates after 

annealing. Etched with Villela’s solution. The arrows indicate small grains observed in Area 4 after annealing at 

1380℃ 

CEG 1 

CEG 2 
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The hardness profiles on the longitudinal plane from the top to bottom surfaces of the 

as-hot-rolled and all annealed plates are shown in Figure 4.3.4. In Areas 1-3 (0-5.2 mm in depth), 

little change in hardness was produced after annealing at 1000℃ and 1200℃. The hardness 

values in Areas 1-3 (0-5.2 mm in depth), 5 (6.6-8.3 mm in depth) and 7 (9.4-9.7 mm in depth) of 

the 1000℃ and 1200℃ annealed plates were around 270 Hv, which was similar to that of the 

as-hot-rolled plate. In Area 6 (8.3-9.4 mm in depth), the hardness of both annealed plates was 

also similar to the as-hot-rolled plate and was distributed around 300 Hv. In Area 4 (5.2-6.6 in 

depth), the hardness distributions of the 1000℃ and 1200℃ annealed plates were higher than that 

of the as-hot-rolled plate. After annealing at 1380℃, the hardness decreased to about 250 Hv and 

several regions, around 1 and 7mm in depth and near the bottom surface, had a reduced hardness 

around 220 Hv. At this annealing temperature, the region with high hardness around 300 Hv 

(8.3-9.4 mm in depth) disappeared. LOM in Area 6 after 1380℃ annealing showed the 

disappearance of the AG region and of grain boundaries between Areas 5-6 and Areas 6-7. Those 

results suggest that AG band disappeared after 1380℃ annealing. 

 

 

Figure 4.3.4 Changes in Vickers hardness, measured on the longitudinal plane, after 

annealing the as-hot-rolled plate. 

200

210

220

230

240

250

260

270

280

290

300

310

320

0 2000 4000 6000 8000 10000

H
V

5
0

0

Distance from Top to Bottom (μm)

as-hot-rolled

1000℃-1hr

1200℃-1hr

1380℃-1hr



77 
 
 

Figures 4.3.5 and 4.3.6 show IPF maps of the as-hot-rolled plate and all annealed plates. 

In all areas except Area 4, the IPF maps of the 1000℃ and 1200℃ annealed plates were similar 

to that of the as-hot-rolled plate. In Area 4, the thickness of AG regions of the 1000℃ and 

1200℃ annealed plates was greater than that of the as-hot-rolled plates. Since the hardness 

measurements were performed at 200 µm intervals, the possibility to make an indentation on the 

AG region would decrease with thinning of the AG region. The AG thickness is considered the 

reason why higher hardness appeared in Area 4 of 1000℃ and 1200℃ annealed plates compared 

to the as-hot-rolled plates. The difference in thickness of AG regions was assumed to be due to 

inhomogeneous distributions of AG regions in the starting as-hot-rolled plate, not to the effect of 

annealing. After annealing at 1380℃, changes in microstructure were not observed in Areas 1 

and 2, which consist of the TEG and CEG layers, while almost all AG regions disappeared in 

Areas 3-6. 

Figures 4.3.7 shows PFs of the as-hot-rolled plate and all annealed plates. Compared 

with the as-hot-rolled plate, the texture was similar to the 1000℃ and 1200℃ annealed plates, 

while the texture changed in the 1380℃ annealed plate in many Areas. The as-hot-rolled and 

1000℃ and 1200℃ annealed plates had strong {100} <011> textures as indicated in the PFs of 

Areas 3-6. In the 1380℃ annealed plate, PFs of Areas 1-2 were similar to the other plates. While 

the {100} <011> texture disappeared in Areas 3-7, sharp {318} <311> textures were retained. 

Specific changes in microstructure, texture development, and hardness were not distinguished 

after annealing at 1000℃ and 1200℃. After 1380℃ annealing, the plate mainly consists of TEGs 

and a few CEGs. AG regions disappeared, and hardness sharply decreased in Area 6. 

Figures 4.3.8-4.3.10 show IQ maps for all areas and KAM maps for selected Areas 

(Areas 1, 4, 6 and 7) of each annealed plate. The AG regions and bands were regions where large 

numbers of HAB and IAB were distributed and high KAM angles were dense as shown in the IQ 

and KAM maps of Areas 3-6 in the as-hot-rolled plate and 1000℃ and 1200℃ annealed plates. 

After annealing at 1380℃, HAB and IAB are noted in the boundary maps with TEGs, CEGs, and 

some small grains that already existed in as-hot-rolled condition and high KAM angles are 

associated with some in those boundaries. IQ and KAM maps also indicated that AG regions 

disappeared after 1380℃ annealing. It is considered that there are two possible processes for the 

disappearance of AG regions. One is that AG regions recrystallized, and the other is that they 
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were consumed by grain growth of adjacent CEG. AG regions can be assumed as potential 

nucleation sites for recrystallization since the regions have a large amount of HABs and high 

KAM angles. However, almost all textures of the region where AG regions or band were 

distributed in the as-hot-rolled state are the same as that of CEG: {318} <311> texture after 

annealing at 1380℃. It is difficult to envision that all textures of recrystallized grains from AG 

regions are identical with that of CEGs. In addition, grain growth commonly progresses from 

large grain to small grain to decrease the surface energies. Therefore, it is suggested that AG 

regions are consumed and then disappeared by the grain growth of CEG. 

From all of the above results, the microstructures and textures presented in each area of 

each annealed plate are summarized as follows: 

 

As-hot-rolled plate annealed at 1000℃ and 1200℃ for 1hr 

Area 1 consists of TEG and their crystal orientations are random, Area 2 consists of 

CEG with a texture of {318} <311>, Areas 3-5 consist of CEG with a texture of {318} <311> 

and AG regions with a texture of {100} <011>, Area 6 consists of an AG band with a texture of 

{100} <011>, and Area 7 consists of CEG with a texture of {318} <311>. 

 

As-hot-rolled plate annealed at 1380℃ for 1hr 

Area 1 consists of TEGs and their crystal orientations are random, Area 2 consists of 

CEGs with a texture of {318} <311>, and Areas 3-7 consist of CEGs with a texture of {318} 

<311>. 
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Area as-hot-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

1 

    

2 

    

3 

    
Figure 4.3.5 IPF maps in Areas 1, 2, and 3 for longitudinal planes in the as-hot-rolled plate, and 1000, 1200, and 1380℃ annealed 

as-hot-rolled plates showing microstructural development with annealing.  
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Area as-hot-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

4 

    

5 

    

6-7 

    
Figure 4.3.6 IPF maps on Areas 4, 5, 6, and 7 for longitudinal planes in the as-hot-rolled plate, and 1000, 1200, and 1380℃ 

annealed as-hot-rolled plates showing microstructural development with annealing. 
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Area as-hot-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 
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6-7 

    
Figure 4.3.7 PFs of all areas of longitudinal planes in as-hot-rolled plate, and 1000, 1200, and 1380℃ annealed as-hot-rolled  

  plates showing texture development with annealing.
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Area as-hot-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

1 

    

2 

    

3 

    
Figure 4.3.8 IQ maps for Areas 1, 2, and 3 for the longitudinal planes in the as-hot-rolled plate and 1000, 1200, and 1380℃ 

annealed as-hot-rolled plates showing changes of grain boundary misorientation with annealing. 
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Area as-hot-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 
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5 

    

6-7 

    
Figure 4.3.9 IQ maps for Area 4, 5, 6, and 7 for the longitudinal planes in the as-hot-rolled plate and 1000, 1200, and 1380℃ 

annealed as-hot-rolled plates showing changes in grain boundary misorientation with annealing.  

 



84 
 
 

Area as-hot-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

1 

    

4 

    

6-7 

    
Figure 4.3.10 KAM maps in Areas 1, 4, 6, and 7 for the longitudinal planes in the as-hot-rolled plate and 1000, 1200, and 1380℃ 

annealed as-hot-rolled plates showing changes in distribution of KAM angles with annealing. 
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4.3.2 Microstructure and texture development after annealing of the 40% cold-rolled plate 

condition 

Light optical micrographs from the longitudinal plane of the annealed 40% cold-rolled 

plates are shown in Figures 4.3.11-4.3.13. The microstructures of the annealed sheets are 

elongated parallel to rolling direction. All plates can be divided into 7 areas. After annealing, 

several grains, elongated along DBs, appeared in Area 2 as indicated by arrows (Figure 4.3.12), 

and their thickness and length tend to increase with increasing annealing temperature.  

The hardness measurements of all annealed 40% cold-rolled plates are shown in Figure 

4.3.14. After 1000℃ and 1200℃ annealing, the hardness in all areas decreased from about 360 

Hv to 320 Hv, and it was still higher than the as-hot-rolled condition. A further decreasing of 

hardness in all areas appeared after annealing at 1380℃, to around 290Hv. The 1200℃ and 

1380℃ annealed plates had a lower hardness region around 2 mm in depth, which corresponds to 

Areas 2-3. The lowest hardness of the 1200℃ annealed plate was about 280 Hv, and that of 

1380℃ annealed plate was about 260 Hv.  

Figures 4.3.15 and 4.3.16 show IPF maps of the 40% cold-rolled and all annealed 

conditions. In Area 1, all plates before and after annealing consist of TEGs containing DBs, and 

several elongated grains formed along the DBs in a TEG of the 1380℃ annealed plate as 

indicated by the arrows (Figure 4.3.15). Area 2 after all annealing treatments consists of CEGs 

and several elongated grains along DBs. The thickness and length of the grains along the DBs 

increased with increasing annealing temperature. In Areas 3-7, the 40% cold-rolled plate and 

1000℃ annealed plate consist of CEGs containing DBs and AG regions. However, the thickness 

of the AG regions tends to decrease with increasing annealing temperature. AG regions mostly 

disappeared and some grains elongated parallel to the RD appeared in the 1200℃ and 1380℃ 

annealing condition. 
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40% cold-rolled 1000℃ - 1hr 1200℃ - 1hr 1380℃ - 1hr 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.11 Changes in microstructures with annealing observed by LOM on the longitudinal plane of the 40% cold-rolled plate. 

Etched with Villela’s solition. 
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Area 40% cold-rolled 1000℃ - 1hr 1200℃ - 1hr 1380℃ - 1hr 

1 

    

2 

    

3 

    
Figure 4.3.12 Changes in microstructures with annealing observed in Areas 1, 2, and 3 by LOM on the longitudinal plane of the 

40% cold-rolled plate. Etched with Villela’s solution. The arrows indicate grains elongated along DBs that appeared 

after annealing. 
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Area 40% cold-rolled 1000℃ - 1hr 1200℃ - 1hr 1380℃ - 1hr 

4 

    

5-6 

    

6-7 

    
Figure 4.3.13 Changes in microstructures with annealing observed in Areas 4, 5, 6, and 7 by LOM on the longitudinal plane of the 

40% cold-rolled plate. Etched with Villela’s solution. The arrows indicate the appeared grains elongated along DBs 

after annealing. 
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Figure 4.3.14 Changes in Vickers hardness with annealing across the longitudinal plane of the 

40% cold-rolled plate. 

 

Figure 4.3.17 shows PFs of the 40% cold-rolled plate and all annealed plates. As 

mentioned in section 4.2.3, PFs of the 40% cold-rolled plate indicated that grains in the TEG and 

CEG regions tended to rotate so that the (001) planes were parallel to rolling plane: a 

predominant orientation (001)//rolling plane. This rotated texture remained after all annealing 

treatments in most Areas. After annealing at 1000℃, PFs of Area 2 indicated that some poles 

appeared which were differently oriented than the CEGs. From the observation of IPF maps, 

those poles indicate the textures of the elongated grains along the DBs. Textures of the other 

Areas were almost the same as the 40% cold-rolled condition. After annealing at 1200℃, PFs of 

Areas 2-4 indicated that some poles, which are differently oriented than the CEGs, appeared. 

Also, poles with many different orientations other than (001)//rolling plane appeared in all areas 

after annealing at 1380℃. It is assumed that the grains elongated along DBs or the RD observed 

in IPF maps are recrystallized grains and annealing encourages their generation. Also, the 

regions where those grains are generated are extended with increased annealing temperature. 
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Area 40% cold-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

1 

    

2 

    

2-3 

    
Figure 4.3. 15 IPF maps in Areas 1, 2, and 3 of the longitudinal planes in the 40% cold-rolled plate after cold-rolling and 1000, 

1200, and 1380℃ annealing heat treatments. The arrows indicate the elongated grains along DBs in Area 1 after 

annealing at 1380℃. 
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Area 40% cold-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

4 

    

5 

    

6-7 

    
Figure 4.3.16 IPF maps in Areas 4, 5, 6, and 7 of the longitudinal planes in the 40% cold-rolled plate after cold-rolling and 1000, 

1200, and 1380℃ annealing heat treatments.  
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Area 40% cold-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

1 
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6-7 

    
Figure 4.3.17 PFs from the longitudinal plane of all areas in the 40% cold-rolled plate before and after annealing showing texture 

development with annealing. 
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Figures 4.3.18 and 4.3.19 show IQ maps with grain boundaries overlaid in all areas of 

the 40% cold-rolled plate before and after annealing. In IQ maps of the 40% cold-rolled plate, 

boundaries with misorientations of 2° or greater appeared in each area due to strains introduced 

by cold-rolling. Hence, it is easy to distinguish grains which are recrystallized during annealing 

by observation of the grain boundaries, since recrystallized grains should not contain any 

boundaries internally and also appear bright in IQ maps. After annealing, recrystallized grains 

appeared, and their size and volume fraction increased with increasing annealing temperature. 

However, numerous LABs remained in almost all areas after annealing. Although the hardness of 

all annealed plates decreased from that of the 40% cold-rolled condition overall, recrystallized 

grains were observed in limited regions: DBs and AG regions. This result suggests that the 

decrease of hardness with annealing in almost Areas was due mostly to recovery, not 

recrystallization. The lowest hardness, which appeared around 2 mm in depth of the plate (Areas 

2-3) after annealing at 1200℃ and 1380℃, is influenced more by recrystallization, since more 

coarse recrystallized grains were observed, as indicated by arrows in the figures. The 

recrystallized grains were either elongated parallel to the DB or elongated parallel to the RD. 

Figures 4.3.20-4.3.22 show IPF, IQ, and KAM maps of selected Areas (Areas 2 and 6-7) 

where recrystallized grains were observed. Area 2 is shown at high (Figure 4.3.20) and lower 

(Figure 4.3.21) magnification. In Area 2 (Figure 4.3.20), high KAM angles (> 10°) are present 

along DBs in the 40% cold-rolled condition. Recrystallized grains were generated from DBs, 

which contain high KAM angles, and they are elongated along DBs after annealing at 1000℃. 

Such grains aligned with DB were also reported in cold-swaged bar after annealing at 1400℃ [9]. 

The length of recrystallized grains increased with increasing annealing temperature. In Area 6, 

high KAM angles are found in AG regions in the 40% cold-rolled condition. After annealing at 

1000℃ and 1200℃, a few recrystallized grains appeared in the AG regions. After annealing at a 

higher temperature, 1380℃, the recrystallized grains grew parallel to the RD, consuming AG 

regions. Hence, it appears that the shape of the recrystallized grains depend on the nucleation site 

and morphology of the cold-worked microstructure. The grains recrystallized from DB elongate 

parallel to the DB and the grains recrystallized from AG regions elongate parallel to the RD. 
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Area 40% cold-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

1 

    

2 

    

2-3 

    
Figure 4.3.18 IQ maps with grain boundaries overlaid on Areas 1, 2, and 3 of the longitudinal planes in the 40% cold-rolled plate 

before and after annealing at 1000, 1200, and 1380℃. The arrows indicate coarse recrystallized grains in Areas 2-3 

after annealing at 1200℃ and 1380℃. 
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Area as-40% cold-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 
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6-7 

    
Figure 4.3.19 IQ maps with grain boundaries overlaid on Areas 4, 5, 6, and 7 of the longitudinal planes in the 40% cold-rolled plate 

before and after annealing at 1000, 1200, and 1380℃. The arrows indicate coarse recrystallized grains in AG regions.
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Figure 4.3.20 IPF, IQ, and KAM maps showing recrystallization generated from DB on the longitudinal plane of Area 2 in the 40% 

cold-rolled sheet before and after annealing. 
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Figure 4.3.21 IPF, IQ, and KAM maps showing recrystallized grains generated from DB and developed along DBs with annealing 

on the longitudinal plane of Area 2 in the 40% cold-rolled sheet before and after annealing. 
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Figure 4.3.22 IPF, IQ, and KAM maps on the longitudinal plane of Area 6-7 in the 40% cold-rolled plate before and after annealing. 
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From the above results, the microstructures and textures in each area of the annealed 

40% cold-rolled plate are summarized as follows: 

40% cold-rolled plate annealed at 1000℃ for 1hr 

Area 1 consists of TEG with a predominant orientation of (001)//rolling plane and DBs, 

Area 2 consists of CEG with an orientation of (001)//rolling plane with DBs and recrystallized 

grains elongated parallel to DBs, Areas 3-6 consist of CEG with an orientation of (001)//rolling 

plane with DBs and AG regions with a {100} <011> texture, and Area 7 consists of CEG with an 

orientation of (001)//rolling plane with DBs. 

 

40% cold-rolled plate annealed at 1200℃ for 1hr 

Area 1 consists of TEG with an orientation of (001)//rolling plane with DBs, Area 2 

consists of CEG with an orientation of (001)//rolling plane with DBs and recrystallized grains 

elongated parallel to DBs, Areas 3-6 consist of CEG with an orientation of (001)//rolling plane 

with DBs, AG regions with a {100} <011> texture, and recrystallized grains elongated parallel to 

the RD, and Area 7 consists of CEG with an orientation of (001)//rolling plane with DBs. 

 

40% cold-rolled plate annealed at 1380℃ for 1hr 

Area 1 consists of TEG with an orientation of (001)//rolling plane with DBs and 

recrystallized grains elongated parallel to DBs, Area 2 consists of CEG with an orientation of 

(001)//rolling plane with DBs and recrystallized grains elongated parallel to DBs, Areas 3-6 

consist of CEG with an orientation of (001)//rolling plane with DBs and recrystallized grains 

elongated parallel to the RD, and Area 7 consists of CEG with an orientation of (001)//rolling 

plane with DBs and recrystallized grains elongated parallel to DBs. 

 

4.3.3 Microstructure and texture development after annealing of the 60% cold-rolled plate 

condition 

Light optical micrographs from the longitudinal plane of the annealed 60% cold-rolled 

sheets are shown in Figures 4.3.23-4.3.25. The microstructures of the annealed sheets are layered 

and elongated parallel to the rolling direction. In the 60% cold-rolled condition, the plate consists 

of TEGs, CEGs, and AG regions and those elongated grains contain DBs or HDR. All plates can 
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be divided into 7 areas. After annealing at 1000℃, several grains elongated along DBs appeared 

in Areas 2 and 7. After annealing at 1200℃, some grains also appeared in Area 7 that were 

parallel to the RD. The shapes of grains in Areas 2 and 7 after annealing at 1380℃ appeared not 

only elongated along DBs but also along the RD, and the aspect ratio of some grains is low in 

those Areas. In addition, several grains elongated parallel to the RD also appeared in Areas 3-4, 

as indicated by arrows. In Area 6, the thickness of the AG band of the 60% cold-rolled condition 

seems to decrease with increasing annealing temperature. Compared with the annealed 40% 

cold-rolled plate, the 60% cold-rolled plate has a greater occurrence of grains elongated parallel 

to DBs and the RD, with annealing. EBSD analysis was used to obtain further information 

related to microstructural and texture developments. 

The hardness profiles of all annealed 60% cold-rolled plates are shown in Figure 4.3.26. 

After annealing at 1000℃ and 1200℃, the hardness in all areas decreased from about 360 Hv to 

310-320 Hv. A reduced hardness, around 280 Hv was present at depths of 0.5-1.0 mm and 

3.5-3.8 mm. Those regions correspond to Areas 2 and 7. Annealing at 1380℃ resulted in a 

further decrease of hardness. The average hardness was around 260Hv, but there was significant 

variation through the thickness, with higher hardness, about 300 Hv, located at a depth of 0.2 mm, 

corresponding to Area 1. The lowest hardness, about 240 Hv, was located at 2.0 mm in depth 

corresponding to Area 4. In the 40% cold-rolled plate before and after annealing, the hardness of 

recrystallized regions was around 280Hv and that of recovered regions was above 280 Hv. 

Referring to those results, recrystallization is assumed to occur in Area 2 and 7 at 1000℃ and 

1200℃, and over a wider region after annealing at 1380℃. 

Figures 4.3.27-4.3.28 show IPF maps in all areas of the annealed 60% cold-rolled sheets. 

In Area 1, all plates before and after annealing consist of TEGs containing DBs. Area 2 consists 

of CEGs and several elongated grains along DBs after all annealing treatments. Some grains with 

low GAR are present in this region after annealing. In Areas 3-5, the 60% cold-rolled and 1000℃ 

annealed plates consist of CEGs containing DBs and AG regions, while some of the AG regions 

disappeared and several grains elongated parallel to the RD appeared after annealing at 1200℃. 

In those Areas of the 1380℃ annealed plate, almost all the AG regions disappeared and several 

grains elongated parallel to the RD appeared and those elongated grains were finer and 

differently oriented with CEGs relative to the elongated grains in 1380℃ annealed from the 
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as-hot-rolled plate. In Area 6, the 60% cold-rolled and 1000℃ annealed plate consists of CEGs 

containing DBs and the AG bands, while the thickness of AG bands decreased and several grains 

elongated parallel to the RD appeared after annealing at 1200℃. Almost all AG regions 

disappeared and several grains elongated parallel to the RD appeared in Area 6 of the 1380℃ 

annealed plate. In Area 7, the 60% cold-rolled plate consists of CEG with DBs, and AG regions. 

After annealing, some elongated grains appeared in this Area, but the shapes of the grains differ 

for each annealing temperature. The grains are elongated parallel to the RD in the 1000℃ 

annealed plate. In the 1200℃ annealed plate, grains elongated along DBs and the RD, some of 

them are very fine, and the number of the grains is greater than at 1000℃ or 1380℃. The coarser 

grains observed in the 1380℃ annealed plate are mostly elongated parallel to the RD. 

Figure 4.3.29 shows PFs of the 60% cold-rolled plate and all annealed plates. As 

discussed in section 4.2.4, PFs of the 60% cold-rolled plate indicate that TEGs and CEGs tended 

to rotate during deformation so that the (001) planes were parallel to rolling plane. This texture 

remained after all annealing treatments. After annealing at each temperature, PFs of Areas 1, 2, 

and 7 indicated some grains appeared that were randomly oriented, and differently oriented than 

the CEGs (indicated by distribution of small dark “dots” in the PF). With increasing annealing 

temperature, the number of those randomly oriented grains increases, while the {100} <011> 

textures are diminished. Those change in texture with annealing, the increase in number of 

randomly oriented grains and the disappearance of {100} <011> texture, are consistent with 

results from the IPF maps. The frequency of occurrence of randomly oriented grains is greater 

than in the annealed 40% cold-rolled plates. 

Figure 4.3.30 and 4.3.31 show IQ maps with boundaries overlaid in all areas of the 60% 

cold-rolled plate before and after annealing. The elongated grains, which appeared after 

annealing, and were noted by LOM and IPF maps, can be recognized as recrystallized grains 

from the IQ maps. Compared to each annealed 40% cold-rolled plate, the occurrence and volume 

fractions of recrystallized grains increased after annealing for the 60% cold-rolled plate. In 

addition, the thickness of the recrystallized grains observed in each area is also greater than in 

the corresponding annealed 40% cold-rolled plate. Those differences are particularly evident in 

Areas 2, 4, and 7 after annealing at 1380℃. In IQ maps of the 60% cold-rolled plate, boundaries 

with misorientations of 2° or greater appeared in each area due to strains introduced by 
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cold-rolling. After annealing, recrystallized grains appeared, and their size and volume fraction 

increased with increasing annealing temperature. Numerous LABs remained in most Areas after 

annealing. After annealing at 1000℃, recrystallized grains were present in all areas, though the 

amount of recrystallized grains was very small in Areas 3-5. Recrystallized grains in Areas 1, 6, 

and 7 were elongated parallel to the RD, while the recrystallized grains in Area 2 were elongated 

parallel to the DBs. After annealing at 1200℃, the recrystallized grains in Areas 3-5 were larger 

than that of 1000℃ annealed plate in the same Areas and were elongated parallel to the RD. 

After annealing at 1380℃, recrystallized grains in Areas 3, 4, 6, and 7 were coarse (> 50 µm in 

thickness) compared with that of the plate annealed at 1200℃. The recrystallized grains were 

either elongated parallel to the DB or elongated parallel to the RD, which is the same as the 

annealed 40% cold-rolled plates. Area 2 of all annealed plates was mostly recrystallized, and this 

result coincides with the lower hardness measurements in this region. Area 4 of the plate 

annealed at 1380℃ mostly consists of coarse recrystallized grains and relatively low hardness. 

Figure 4.3.32 and 4.3.33 show KAM maps in all areas of the 60% cold-rolled plate 

before and after annealing. In the 60% cold-rolled condition, high KAM angles are dense in 

Areas 2, 4, 6, and 7, and KAM angles tend to decrease with increasing annealing temperature, 

due to recovery and recrystallization during annealing. Figure 4.3.34 and 4.3.35 show IPF, IQ, 

and KAM maps at higher magnification in Areas 2 and 4, respectively. After annealing at 1000℃ 

and 1200℃, recrystallization occurred over most of Area 2, while only a few recrystallized 

grains appeared in Area 4. However, coarse recrystallized grains appeared in Area 4 after 

annealing at 1380℃. In Area 2, the recrystallization seems to originate in regions with HABs and 

high KAM angles, since intricately tangled HABs and high KAM angles tend to disappear 

during recrystallization. The recrystallized grains are elongated along HABs. The GAR of 

recrystallized grains in this area of the annealed 60% cold-rolled plates is lower than that of the 

annealed 40% cold-rolled plates. It is considered that the reduction of GAR is due to tangled 

HABs. HABs were arranged linearly in a single direction in Area 2 of the 40% cold-rolled 

condition, while they were multidirectionally arranged in Area 2 of the 60% cold-rolled 

condition. Hence, in the annealed 60% cold-rolled condition, the recrystallized grains were 

multidirectionally developed and it resulted in the grains with lower GAR than the annealed 60% 

cold-rolled condition. In Area 4, the thickness of the AG regions was reduced after annealing at 
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1000℃ and 1200℃, and this reduction in thickness is considered to be due to the grain growth of 

adjacent CEGs into the AG regions. Although constituents (CEGs and AG regions) of Area 4 

were similar to that of Areas 3 and 5 before annealing, the magnitude of KAM angles, as well as 

stored energy, in Area 4 was higher than in Areas 3 and 5. Therefore, it is considered that the 

high stored energy promoted recrystallization in Area 4 and resulted in formations of coarse 

recrystallized grains. After annealing at 1380℃, there is further development of recrystallized 

grains elongated along the RD. The results suggest that the AG region can be a nucleation site for 

recrystallization and recrystallized grains from AG regions rapidly develop, though the AG 

region needs a higher supply of thermal energy than DBs and HDRs for recrystallization to 

occur. 

From the above results, the microstructures and textures presented in each area the 

annealed 60% cold-rolled plate are summarized as follows: 

60% cold-rolled plate annealed at 1000℃ for 1hr 

Area 1 consists of TEG with a (001)//rolling plane texture, DBs, and recrystallized 

grains elongated parallel to the RD, Area 2 consists of CEG with a (001)//rolling plane texture, 

HDR, and recrystallized grains elongated parallel to DBs, Areas 3-5 consist of CEG with a 

(001)//rolling plane texture, AG regions, and DBs, Area 6 consists of TEG with a (001)//rolling 

plane texture, AG band, and recrystallized grains elongated parallel to the RD, and Area 7 

consists of CEG with (001)//rolling plane texture, AG regions, DBs, and grains elongated parallel 

to the RD. 

 

60% cold-rolled plate annealed at 1200℃ for 1hr 

Area 1 consists of TEG with a (001)//rolling plane texture, DBs, and recrystallized 

grains elongated parallel to the RD, Area 2 consists of CEG with a (001)//rolling plane texture, 

HDR, and recrystallized grains elongated parallel to DBs, Areas 3-5 consist of CEG with a 

(001)//rolling plane texture, AG regions, DBs, and recrystallized grains elongated parallel to the 

RD, Area 6 consists of TEG with a (001)//rolling plane texture, AG regions, and recrystallized 

grains elongated parallel to the RD, and Area 7 consists of TEG with a (001)//rolling plane 

texture, AG regions, and grains elongated parallel to the DBs. 
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60% cold-rolled plate annealed at 1380℃ for 1hr 

Area 1 consists of TEG with a (001)//rolling plane texture, DBs, and recrystallized grains 

elongated parallel to the RD, Area 2 consists of recrystallized grains elongated parallel to DBs, 

Areas 3-5 consist of CEG with a (001)//rolling plane texture, DBs, and recrystallized grains 

elongated parallel to the RD, Area 6 consists of CEG with a (001)//rolling plane texture, and 

recrystallized grains elongated parallel to the RD, and Area 7 consists of TEG with a 

(001)//rolling plane texture, and grains elongated parallel to the DBs. 

 

4.3.4 Microstructure and texture development after annealing of the 80% cold-rolled 

condition 

 Light optical micrographs from the longitudinal plane of the annealed 80% cold-rolled 

plates are shown in Figures 4.3.36-4.3.38. In the 80% cold-rolled condition, the plate consists of 

TEGs, CEGs, and AG regions and the elongated grains contain DBs or HDR as discussed in 

section 4.3.2. The microstructures of the annealed plates can be divided into 7 areas. In Area 1, 

which consists of TEGs in the 80% cold-rolled condition, some recrystallized grains elongated 

along the RD are formed after annealing at 1200℃ and 1380℃. After annealing at 1000℃, 

several fine grains (< 50 ㎛ in grain size) with low GAR (< 5) appeared in Area 2 as indicated 

by arrows (a), and also several grains elongated parallel to the RD appeared in Areas 3-7 as 

indicated by arrows (b). After annealing at 1200 and 1380℃, the microstructures were similar to 

the plate after annealing at 1000℃; fine grains appeared in Area 2 and elongated grains appeared 

in Areas 3-7, respectively. The fine grains with low GAR that appeared in Area 2 at each 

annealing temperature tend to coarsen with increasing temperature. In Areas 3-7, the elongated 

grains that were parallel to the RD also tended to coarsen with increasing annealing temperature. 

After annealing at 1380℃, Areas 3-7 mostly are occupied by coarse elongated grains.  

Grains elongated along DBs were observed in Area 2 of the annealed 40% and 60% 

cold-rolled plates, while Area 2 of the annealed 80% cold-rolled plate consisted of fine grains 

with low GAR, and very few grains elongated along DBs were observed in this area. The 

annealing temperature where the elongated grains appeared decreased and the frequency of 

occurrence of the elongated grains parallel to the RD increased in the annealed 80% cold-rolled 

plates compared to 40% or 60% cold-rolled conditions. 
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Figure 4.3.23 Microstructures of the 60% cold-rolled plate before and after annealing treatments. Etched with Villela’s solution. 
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Figure 4.3.24 Microstructures of the 60% cold-rolled plate in Areas 1, 2, 3, and 4 before and after annealing treatments. Etched 

with Villela’s solution. The arrows indicate grains elongated along the RD that appeared after annealing at 1380℃.  
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Figure 4.3.25 Microstructures of the 60% cold-rolled plate in Areas, 4, 5, 6, and 7 before and after annealing treatments. Etched 

with Villela’s solution. The arrows indicate grains elongated along the RD that appeared after annealing at 1380℃.  
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Figure 4.3.26 Changes in Vickers hardness with annealing after 60% cold-rolling. 

 

Hardness profiles for the annealed 80% cold-rolled plates are shown in Figure 4.3.39. 

After annealing, the hardness in all areas decreased from about 370 Hv to 240-340 Hv, and more 

variability in hardness was apparent after annealing than in the cold-rolled condition. After 

annealing at 1000℃, the hardness was between 260-340 Hv, and the lowest hardness levels were 

present at depths of 0.2-0.3 mm, around 0.6 mm and 1.7 mm. Those regions correspond to Areas 

2, 3, and 6-7. After annealing at 1200℃, the hardness was between 280-330 Hv, and the lowest 

hardness was present at depths of 0.2-0.6 mm, 0.9-1.0 mm, around 1.2 mm, and 1.6-1.7 mm. 

Those regions correspond to Areas 2-3, 4, and 6-7. Annealing at 1380℃ resulted in a further 

decrease of hardness; the hardness of almost all areas was around 250 Hv, but a hardness greater 

than 280 Hv was present at a depth of 1.2-1.5 mm, which corresponds to Area 5. The regions 

where the hardness was less than 280 Hv closely correspond to the regions where the fine grains 

and the grains elongated parallel to the RD formed after annealing, suggesting that these 

morphologies are related to recrystallization. 
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Figure 4.3.27 IPF maps in areas 1, 2, 3, and 4 of longitudinal planes in as-hot-rolled plate, and 1000, 1200, and 1380℃ annealed 

60% cold-rolled plates showing microstructural development with annealing.  
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Figure 4.3.28 IPF maps in Areas 4, 5, 6, and 7 of longitudinal planes in as-hot-rolled plate, and 1000, 1200, and 1380℃ annealed 

60% cold-rolled plates showing microstructural development with annealing. 
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Figure 4.3.29 PFs in all areas of 60% cold-rolled plate, and after 1000, 1200, and 1380℃ annealing, showing texture development. 
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Figure 4.3.30 IQ maps with boundaries overlaid in Areas 1, 2, 3, and 4 of the longitudinal planes in the 60% cold-rolled plate 

before and after annealing at 1000, 1200, and 1380℃. 
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Figure 4.3.31 IQ maps with boundaries overlaid in Areas 4, 5, 6, and 7 of the longitudinal planes in the 60% cold-rolled plate 

before and after annealing at 1000, 1200, and 1380℃.
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Figure 4.3.32 KAM maps on Areas 1, 2, 3, and 4 of longitudinal planes in the 60% cold-rolled sheet before and after annealing at 

1000, 1200, and 1380℃. 
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Figure 4.3.33 KAM maps on Areas 4, 5, 6, and 7 of longitudinal planes in the 60% cold-rolled sheet, before and after annealing at 

1000, 1200, and 1380℃. 
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Figure 4.3.34 IPF, IQ, and KAM maps on the longitudinal plane of Area 2 in the 60% cold-rolled sheet before and after annealing. 
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Figure 4.3.35 IPF, IQ, and KAM maps on the longitudinal plane of Area 4 in the 60% cold-rolled sheet before and after annealing. 
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From the results of hardness measurements and analysis of microstructural development 

in the 40% and 60% cold-rolled plates before and after annealing treatments, the correlation 

between the hardness and the microstructure is generally classified as follows: 

 

(i) As-cold-rolled condition: 340-380 Hv 

(ii) Recovered regions: 280-340 Hv 

(iii) Recrystallized regions: less than 280 Hv 

 

The above correlations of microstructure to the hardness measurements of annealed 80% 

cold-rolled plates show that recrystallization of the 80% cold-rolled plate can occur at lower 

annealing temperature, and it can also occur in a wider range of Areas compared with the 40% 

and 60% cold-rolled conditions after annealing. The hardness was less than 280 Hv at depths of 

0.2-0.3 mm, around 0.6 mm, and around 1.7 mm after annealing at 1000℃ and the hardness was 

less than 280 Hv in almost all regions except a depth of 1.2-1.5 mm after annealing at 1380℃. 

Table 4.3.1 summarizes the percentage of the hardness indentations classified into associated 

microstructure in all cold-rolling and annealing conditions. The table clearly shows that more 

regions of annealed 80% cold-rolled plates were recrystallized than the other cold-rolled 

conditions. 

Figures 4.3.40-4.3.41 show IPF maps for all areas of the annealed 80% cold-rolled 

sheets. In Area 1, which consists of TEGs in 80% cold-rolled condition, IPF maps showed 

several fine grains with low GAR and grains elongated parallel to the RD appeared after 

annealing at 1200℃ and 1380℃. Area 2 consists of CEGs containing HDRs before annealing, 

and fine grains with low GAR and grains elongated parallel to the RD after all annealing 

treatments. Additionally, the grain sizes of the fine grains tend to increase with increasing 

annealing temperature. In Areas 3-5, the 80% cold-rolled condition consists of CEGs containing 

DBs and AG regions, while some of the AG bands disappeared and several grains elongated 

parallel to the RD appeared after annealing at 1000℃ and 1200℃. In addition, the IPF map of 

Area 3 after annealing at 1000℃ shows that AG regions change to elongated grains as indicated 

by the arrows. The grain sizes of the elongated grains observed in Area 3 are larger than in Areas 

4 and 5. After annealing at 1380℃, almost all the AG bands disappeared and Areas 3-4 are 
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completely occupied by grains elongated parallel to the RD. The grains sizes of the elongated 

grains in Area 3 are larger than in Area 4. Area 5, after annealing at 1380℃, consists of CEG and 

some grains elongated parallel to the RD and the grain size is larger than the elongated grains 

observed in Area 5 after annealing at 1000℃ and 1200℃. Area 6 consists of a few grains 

elongated parallel to the RD after annealing at all temperature and the AG band disappeared 

during annealing at 1200℃ and 1380℃. The grains observed in Area 6 after annealing at 1200℃ 

and 1380℃ are longer than the elongated grains in the other Areas. Area 7 consisted of TEGs 

containing HDR in the 80% cold-rolled condition. This Area consists of TEG and several grains 

elongated parallel to the RD after annealing at 1380℃. 

Figure 4.3.42 shows PFs of the 80% cold-rolled plate before and after annealing. As 

discussed in section 4.2.3, PFs of the 80% cold-rolled condition indicate that TEGs and CEGs 

tend to rotate so that the (001) planes were parallel to the rolling plane. After annealing at 

1000℃, the texture of all areas is generally similar to the 80% cold-rolled condition, {100} 

<011> and (001)//rolling plane, but the texture also becomes more random. The more random 

texture corresponds to the fine grains and the elongated grains observed in all annealed 80% 

cold-rolled plates. After annealing at 1200℃, the textures of Areas 1-5 are similar to the textures 

after annealing at 1000℃. The strength of the {100} <011> textures is reduced and this reduction 

corresponds to the disappearance of the AG band in the IPF map of Area 6 after annealing at 

1200℃. After annealing at 1380℃, the strength of {100} <011> textures is further reduced in all 

areas and the (001)//rolling plane textures are retained in Areas 1 and 5. The reduced strength of 

the {100} <011> textures in all areas also correspond to the observations of IPFs maps in the 

1380℃ annealed plate which showed the disappearance of AG regions in all areas. 

Figures 4.3.43 and 4.3.44 show IQ maps with boundaries overlaid in all areas of the 

80% cold-rolled plate before and after annealing. For the 80% cold-rolled condition, boundaries 

with misorientations of 2° or greater appeared in IQ maps of all areas due to strains introduced 

by cold-rolling. HABs, IABs, and LABs are respectively concentrated in Areas 2, 6, and 7, in 

Areas 3-4, and in Areas 1 and 5. After annealing, recrystallized grains appeared and the volume 

fraction of recrystallized regions is greater than in the 40% and 60% cold-rolled conditions.  

The annealing temperature for the occurrence of recrystallization in each area decreases with 

increasing cold reduction. The shape of recrystallized grains can be divided into two types: fine 
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grains (< 50 ㎛ in grain size) with low GAR (< 5) observed in Area 2, and grains elongated 

parallel to the RD observed in the other Areas. The fine and elongated recrystallized grains tend 

to be generated from HDR in Area 2 and AG bands as shown at higher magnification in Figure 

4.3.45. The size and volume fraction of each type of recrystallized grain increased with 

increasing annealing temperature. After annealing at 1000℃, recrystallized grains appeared in 

Areas 1-5 and 7. Recrystallized grains in Areas 1, 3-5, and 7 were elongated parallel to the RD, 

while the recrystallized grains in Area 2 were fine grains with low GAR. While Area 2 consists 

entirely of recrystallized grains, the other Areas consist of a mixture of recrystallized grains and 

un-recrystallized regions. These microstructures can be correlated to the results of the hardness 

measurements; hardness values less than 280 Hv were found in the recrystallized regions and 

hardness values over 280Hv appeared in the un-recrystallized regions. After annealing at 1200℃, 

recrystallized grains appeared in all areas. The recrystallized grains in Area 6 were elongated 

parallel to the RD and occupied the whole Area. After annealing at 1380℃, recrystallized grains 

also appeared in all areas, and consumed the entire thickness except Areas 1 and 5. LABs and 

IABs are still retained in the TEGs of Area 1 and the CEGs of Area 5. The region where LABs 

and IABs are retained is not recrystallized. Those results correspond to the retained (001)//rolling 

plane texture in PFs of Areas 1 and 5 (Figure 4.3.42). 

Figures 4.3.46 and 4.3.47 show KAM maps for all areas of the 80% cold-rolled plate 

before and after annealing. High KAM angles are distributed in the regions where HABs and/or 

IABs are concentrated in the IQ and boundary maps. In the 80% cold-rolled condition, high 

KAM angles are dense in Areas 2, 3, 4, and 7. Higher KAM angles over 20° are especially dense 

in Area 2, which consists of CEGs containing HDRs, and angles over 10° are dense in Areas 3, 4, 

and 7. The fraction of regions where high KAM angles over 10° are dense, is higher in the 80% 

condition than in the 40% and 60% cold-rolled conditions. Although high KAM angles over 20° 

are also observed in Area 6, the density is very low. KAM angles tend to decrease with 

increasing annealing temperature, due to recovery and recrystallization during annealing, which 

is similar to the annealed 40% and 60% cold-rolled plates. Referring to the results of IQ maps, 

the frequency of occurrence of recrystallization increases and the recrystallization temperature 

decreases with increasing KAM angles. 
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Figure 4.3.36 Microstructure of the 80% cold-rolled plate on the longitudinal plane before and after annealing treatments. Etched 

with Villela’s solution. (a) and (b) arrows indicate the fine grains (< 50 ㎛ in grain size) and the grains elongated 

parallel to the RD, respectively. 
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Figure 4.3.37 Microstructure of the 80% cold-rolled plate on the longitudinal plane before and after annealing treatments.Etched 

with Villela’s solution. (a) and (b) arrows indicate the fine grains (< 50 ㎛ in grain size) and the grains elongated 

parallel to the RD, respectively. 
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Figure 4.3.38 Microstructure of the 80% cold-rolled plate on the longitudinal plane before and after annealing treatments. Etched 

with Villela’s solution. (b) arrows indicate the grains elongated parallel to the RD.
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Figure 4.3.39 Vickers hardness of the 80% cold-rolled sheet before and after the annealing 

treatments. 

 

Table 4.3.1 Percentage of the hardness indentations classified into associated 

microstructure in all cold-rolling and annealing conditions. 
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Figure 4.3.40 IPF maps in Areas 1-5 of the longitudinal planes in the 80% cold-rolled plate before and after the 1000, 1200, and 

1380℃ annealing heat treatments. The arrows indicate that AG regions change into the grains elongated parallel to 

the RD after annealing at 1000℃. 
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Area as-80% cold-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

5-6 

    

6-7 

    
Figure 4.3.41 IPF maps in Areas 5-7 of the longitudinal planes in the 80% cold-rolled plate before and after the 1000, 1200, and 

1380℃ annealing heat treatments. 
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Area as-80% cold-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

1-2 

    

3-4 

    

4-5 

    

5-6 

    

6-7 

    
Figure 4.3.42 PFs for the longitudinal plane of all areas in the 80% cold-rolled plate before and after annealing.  
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From the above results, the microstructures and textures presented in each area of the 

annealed 80% cold-rolled plate are summarized as follows: 

80% cold-rolled plate annealed at 1000℃ for 1hr 

Area 1 consists of TEG with a (001)//rolling plane texture, DBs, and recrystallized 

grains elongated parallel to the RD, Area 2 consists of fine recrystallized grains with low GAR, 

Areas 3-5 consist of CEG with a (001)//rolling plane texture, AG regions, DBs, and 

recrystallized grains elongated parallel to the RD, Area 6 consists of AG band, and Area 7 

consists of TEG with (001)//rolling plane texture, DBs, and recrystallized grains elongated 

parallel to the RD. 

 

80% cold-rolled plate annealed at 1200℃ for 1hr 

Area 1 consists of TEG with a (001)//rolling plane texture, DBs, and recrystallized 

grains elongated parallel to the RD, Area 2 consists of fine recrystallized grains with low GAR, 

Areas 3-5 consist of CEG with a (001)//rolling plane texture, AG regions, DBs, and 

recrystallized grains elongated parallel to the RD, Area 6 consists of AG region, and 

recrystallized grains elongated parallel to the RD, and Area 7 consists of TEG with (001)//rolling 

plane texture, DBs, and recrystallized grains elongated parallel to the RD. 

 

80% cold-rolled plate annealed at 1380℃ for 1hr 

Area 1 consists of TEG with a (001)//rolling plane texture, DBs, and recrystallized 

grains elongated parallel to the RD, Area 2 consists of fine recrystallized grains with low GAR, 

Areas 3-4 consist of recrystallized grains elongated parallel to the RD, Area 5 consists of CEG 

with a (001)//rolling plane texture, DBs, and recrystallized grains elongated parallel to the RD, 

Area 6-7 consists of recrystallized grains elongated parallel to the RD. 

 

4.3.5 Summary of Microstructural Development of As-Hot-Rolled and Cold-Rolled Plates 

with Annealing 

Various characteristics of microstructural development of the as-hot-rolled MA-956 

plate with cold-rolling and annealing were observed depending on the initial microstructure, 

deformed structure, and annealing condition. In its original state, the as-hot-rolled plate is 
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divided into 7 areas characterized by LOM. The as-hot-rolled plate consists of TEGs with 

random texture, CEGs with {318} <311> texture, and AG regions with {100} <011> texture. 

Specific changes in microstructure during annealing of the as-hot-rolled plate only occurred 

around AG regions after annealing at 1380℃, with the formation of TEGs, CEGs, and several 

small grains along with the disappearance of AG regions. Those small grains are considered to be 

remnants of AG regions. The microstructural development in the as-hot-rolled plate was caused 

by grain growth of CEGs consuming AG regions and not recrystallization, based on analysis of 

PFs which show the disappearance of {100} <011> texture and retention of {318} <311> texture 

characteristic of CEGs. 

After cold-rolling, the plates begin to show DB and/or HDR possessing large amounts 

of HABs and high KAM angles, and the length, thickness, and KAM angles of those deformation 

structures seems to vary according to the thickness and distribution of the AG region. 

Recrystallization in DBs and HDRs can occur after annealing at 1000℃ while AG regions seem 

to need higher thermal energy for recrystallization than DBs and HDRs, since the generation of 

recrystallized grains in AG regions did not occur after annealing until temperatures over 1200℃ 

in the 40 and 60% cold-rolled plates. The recrystallized grains can be divided into three 

morphologies. The recrystallized grains from DBs form grains elongated along DBs, the grains 

from AG regions form into grains elongated parallel to the RD, and the grains from HDRs forms 

into fine grains with low GAR. The density of high KAM angles is high in Area 2 which consists 

of CEGs in the as-hot-rolled condition, while it is low in Areas 1 and 5 which respectively 

consist of TEG, and CEGs and AG regions in the as-hot-rolled condition. Recrystallization tends 

to occur in the regions where high KAM angles are dense in the cold-rolled condition. 

Un-recrystallized regions appear in Areas 1 and 5 even in the most preferable condition for 

recrystallization, 80% cold-rolled and annealed at 1380℃. The observed microstructures and 

textures in each plate are summarized in Table 4.3.2. 

 

4.4 Discussion of Recrystallization Behavior 

 The as-hot-rolled plate and cold-rolled plates after annealing showed various types of 

recrystallization behavior. In this section, the nucleation sites, and the microstructure evolution 

process before and after recrystallization treatments are discussed. 
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4.4.1 Initial microstructure before cold-rolling and annealing treatments 

Around the top surface region of the as-hot-rolled plate, Area 1, there are thin (< 100 ㎛), 

randomly oriented, and elongated grains, while the Areas 2-5, and 7 have thick (> 100 ㎛) and 

{318}<311> texture grains. In addition, the as-hot-rolled plate also exhibited regions, defined as 

AG, where fine grains (< 5 ㎛ in thickness) surrounded by HAB and/or IAB were present with a 

strong {100} <110> texture. A similar inhomogeneity in microstructure was reported in an 

as-extruded bar of PM 2000 studied by Chen et al. [7]. This inhomogeneous microstructure 

enabled observation of various microstructural and texture developments after cold-rolling and 

annealing. 

 

4.4.2 Locations for Recrystallization 

 From observation of microstructural and texture developments of the as-hot-rolled plate 

with thermomechanical processing, the sites for recrystallization seem to be divided into three 

types: aggregates of fine recrystallized grains and sub-grains (AG regions), deformation bands 

(DBs), and highly deformed regions (HDR). One of the recrystallization sites, AG, was already 

present in the as-hot-rolled condition. However, it is hypothesized that the AG region did not 

have enough stored energy for recrystallization in the as-hot-rolled condition. The changes in 

microstructure with annealing at the periphery of the AG regions in the as-hot-rolled plate are 

shown in Figure 4.4.1 and 4.4.2, respectively. Those changes illustrate that AG regions were 

consumed by grain growth of the surrounding matrix, since the strong {100} <110> texture 

disappeared while the texture of CEG {318} <311> remained after annealing at 1380℃. 

It is perhaps not surprising that the AG regions were consumed by grain growth of the 

surrounding matrix, since the AG has large amounts of HABs and IABs. As indicated by arrows 

in Figure 4.4.3, the as-hot-rolled plate contained small grains with different crystal orientations 

from CEG and surrounded by HAB, so that it is natural to consider that some observed grains 

with different crystal orientation from CEG after annealing are not generated by recrystallization 

but are only retained grains from the as-hot-rolled plate. These grains presumably recrystallized 

in the hot-rolling process or were retained from the pre-hot-rolling (as-extruded) condition. 

The AG band in the as-hot-rolled plate seems to have a large amount of high KAM 

angles as shown by KAM mapping at a low magnification, though it is clarified that the band is 
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only an aggregate of fine grains surrounded by HAB and IAB, and the inside of the fine grains 

have small KAM values as shown in the higher magnification images in Figure 4.4.4. On the 

other hand, the AG bands in cold-rolled plates have a larger amount of high KAM values as 

depicted at high magnification in Figure 4.4.5. Introducing strain energy by cold-rolling is 

necessary to activate AG regions as recrystallization sites. 

A second important site for recrystallization is the DB regions, where grains elongated 

along DBs are observed after annealing even at 1000℃ for 1hr. The most prominent example of 

DBs appeared in area 2 of the 40% cold-rolled condition, and the bands are oriented at about 40 

degrees to the rolling direction. The DBs have been observed in cold-swaged bar of MA-956 and 

they have become also nucleation sites for recrystallization after annealing [9]. The 

misorientations between the DBs and the matrix, CEG, were less than 30°, and those 

misorientations are lower than the misorientations formed by twinning deformation (> 60°) [97]. 

Hence, the DBs are considered to be formed by slip deformation. The length and KAM angles of 

DBs are dependent on the thickness of the matrix layer (TEG or CEG) and the distribution of AG 

in the matrix. The longer DBs and higher KAM angles tend to be associated with thicker matrix 

layers. In addition, the AG regions, which contain a large amount of HABs, interrupt the 

propagation of the deformation bands. The thick and AG-free matrix layers, such as those shown 

in area 2, contain long DBs with high KAM angles, while area 1 consisting of thin and AG-free 

grains, and area 5 containing AG regions display short DBs and/or low KAM angles in the 40% 

cold-rolled condition as shown in Figure 4.4.6. Since the high KAM angles are associated with 

the deformation bands, recrystallized grains develop along the DBs with high aspect ratio. 

The third important site for recrystallization is HDR, shown as multi-colored gradations 

in IPF maps that appear after 60 and 80% cold-rolling. HDRs are regions where DBs are 

intricately crossed and this is the reason why the HDR contains multi-colored gradations due to 

complicated crystal orientations. It is hypothesized that the HDR was produced from DB 

structures by further plastic deformation. Since the HDR contains large amounts of high KAM 

angles, numerous recrystallized grains are promoted, and the growth of recrystallized grains is 

inhibited by the surrounding grains. Therefore, the size and shape of recrystallized grains tends 

to be finer and lower in GAR, respectively, compared with the grains recrystallized on DBs in 

the annealed 40% cold-rolled plate. 
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4.4.3 Recrystallization Development 

 Three types of locations for recrystallization are distinguished, and the evolution of 

recrystallized grains depends upon the initial microstructure, the deformation volume, and 

annealing temperature. In this section, the mechanism of recrystallization development with 

annealing at each site is explained. 

 

Recrystallization in AG regions 

 The AG regions, aggregations of fine grains and sub-grains with {100} <110> texture, 

are distributed in the as-hot-rolled plate, though they do not have enough driving force for 

recrystallization. Hence, those AG regions are consumed by grain growth of the matrix, {318} 

<311> grains, with annealing. Plastic deformation by cold-rolling provides more strain energy, 

demonstrated by high KAM values, and activates potential sites for recrystallization. The 

nucleation of recrystallization, then, occurs when thermal energy is supplied by annealing. Once 

recrystallization occurs, it rapidly develops, consuming adjacent grains and/or sub-grains. As a 

result, recrystallized grains nucleated on AG form elongated grains parallel to the rolling 

direction, which is similar to the initial AG regions. 

 

Recrystallization in DBs 

 The DBs appeared in all cold-rolled conditions and some of them locally have enough 

strain energy, as demonstrated by high KAM values, for the nucleation of recrystallization. 

Recrystallization occurs easily in local regions with high KAM values by supplying thermal 

energy. When the introduced strain energy is not enough for the nucleation of recrystallization, 

recovery occurs instead of recrystallization. High KAM angles tend to appear in the CEGs 

without AG regions or far from AG bands. Dislocation movement may be interrupted in the 

(harder) AG regions. Once recrystallization begins, it extends along DBs since high KAM angles 

extend along the DBs. 

 

Recrystallization in Heavily Deformed Regions 

 HDRs were found in relatively high reduction (over 60%) cold-rolled conditions and all 

of them have enough strain energy, as demonstrated by high KAM angles, for the nucleation of 



133 
 
 

recrystallization. The HDR is the deformation structure where DBs are intricately tangled by 

severe deformation. It is easy to initiate recrystallization in HDRs by supplying thermal energy. 

After annealing, recrystallized grains generated from almost all regions of HDBs are relatively 

fine with low GAR compared with grains generated from AG regions and DBs. This result 

indicates that the number of nuclei in HDR is much larger than the other nucleation sites, and the 

growth of recrystallized grains are inhibited by each other.  

 

Microstructural development with recovery and recrystallization 

 As mentioned above, the inhomogeneity of the as-hot-rolled plate influenced all the 

microstructural developments: generation of DBs and HDR, texture, recovery, generation of 

nuclei for recrystallization, and growth of recrystallized grains. The microstructural development 

of MA-956 materials during cold-rolling and annealing processes are often considered to result 

in the formation of coarse elongated grains with high GAR due to the formation of preferential 

texture and secondary recrystallization. However, the microstructural development of MA-956 

plate is more complicated due to the initial inhomogeneous and layered microstructure in the 

as-hot-rolled condition. The introduced misorientations by cold-rolling vary with the thickness of 

each matrix layer and the distribution of AG regions. The occurrence of recrystallization with 

annealing is dependent on whether a local region has high enough stored energy for nucleation. 

Areas which do not have sufficient high KAM angles are unable to generate nuclei and only 

recover. Specific examples of un-recrystallized regions are distinguished in areas 1 and 5 of the 

80% cold-rolled condition. Area 1 consists of TEGs, and KAM angles in this area are relatively 

low even after 80% cold-rolling. The amount of accumulated stored energy in each TEG is 

apparently less than in the CEG. Area 5 consists of CEGs and AG regions and is adjacent area 6, 

the AG band. In this area, several recrystallized grains are observed, though most of the region is 

un-recrystallized. The recrystallized grains in this area are hypothesized to nucleate from AG 

regions. It is assumed that plastic deformation by cold-rolling in this area can be restrained by 

the AG band. As a result, un-recrystallized regions remained in area 5 even after annealing at 

1380℃, since enough stored energy for nucleation of recrystallization is not introduced in CEG 

region of area 5. 
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Area as-80% cold-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

1-2 

    

3-4 

    

4-5 

    
Figure 4.3.43 IQ maps with boundaries overlaid in Areas 1-5 of the longitudinal planes in the 80% cold-rolled plate before and 

after annealing at 1000, 1200, and 1380℃. 
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Area as-80% cold-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

5-6 

    

6-7 

    
Figure 4.3.44 IQ maps with boundaries overlaid in Areas 5-7 of the longitudinal planes in the 80% cold-rolled plate before and 

after annealing at 1000, 1200, and 1380℃. 
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Area as-80% cold-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 
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6 

    
Figure 4.3.45 IPF maps on HDR and AG regions of longitudinal planes in 80% cold-rolled sheet, and 1000, 1200, and 1380℃ 

annealed sheets showing recrystallization behavior with annealing. 
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Area as-80% cold-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

1-2 

    

3-4 

    

4-5 

    
Figure 4.3.46 KAM maps in Areas 1-5 of the longitudinal planes in the 80% cold-rolled plate before and after annealing at 1000, 

1200, and 1380℃. 
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Area as-80% cold-rolled 1000℃-1hr 1200℃-1hr 1380℃-1hr 

5-6 

    

6-7 

    
Figure 4.3.47 KAM maps in Areas 5-7 of the longitudinal planes in the 80% cold-rolled plate before and after annealing at 1000, 

1200, and 1380℃.  
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Table 4.3.2 The predominant microstructure (MS), the texture, and morphology of 

recrystallized grains (Rx grains) on the longitudinal plane of as-hot-rolled sheet 

and cold-rolled sheets with annealing. 

 

 

 

MS
Texture

/ Morphology of Rx grains
MS

Texture

/ Morphology of Rx grains
MS

Texture

/ Morphology of Rx grains
MS

Texture

/ Morphology of Rx grains

2 CEG {318} <311> CEG {318} <311> CEG {103} <311> CEG {318} <311>

CEG {318} <311> CEG {318} <311> CEG {318} <311> CEG {318} <311>

AG grains {100} <110> AG grains {100} <110> AG grains {100} <110> Small grains Randomly Distributed

CEG {318} <311> CEG {318} <311> CEG {318} <311>

AG bands {100} <110> AG bands {100} <110> AG bands {100} <110>

CEG {318} <311> CEG {318} <311> CEG {318} <311>

AG grains {100} <110> AG grains {100} <110> AG grains {100} <110>

6 AG band {100} <110> AG band {100} <110> AG band {100} <110>

7 CEG {318} <311> CEG {318} <311> CEG {318} <311>

TEG (001)//Rollig Plane TEG (001)//Rollig Plane TEG (001)//Rollig Plane TEG (001)//Rollig Plane

DB tilt 40° with respect to RD

Rx grains // DB

CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD

Rx grains // DB Rx grains // DB Rx grains // DB

CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD

AG bands {100} <110>

Rx grains // RD

CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane
DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD

AG grains {100} <110> AG grains {100} <110> Rx grains // RD Rx grains // RD

CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD

AG grains {100} <110> AG grains {100} <110> Rx grains // RD Rx grains // RD

CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD

AG bands {100} <110> AG bands {100} <110> Rx grains // RD Rx grains // RD

CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD

AG grains {100} <110> AG grains {100} <110> Rx grains // RD Rx grains // RD

TEG (001)//Rollig Plane TEG (001)//Rollig Plane TEG (001)//Rollig Plane TEG (001)//Rollig Plane

DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD Rx grains tilt 40° with respect to RD

CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

HDR (001)//Rollig Plane Rx grains // DB Rx grains // DB Rx grains // DB

CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD

AG bands {100} <110> Rx grains // RD Rx grains // RD Rx grains // RD

CEG (001)//Rollig Plane HDR (001)//Rollig Plane HDR (001)//Rollig Plane HDR (001)//Rollig Plane
DB tilt 40° with respect to RD DB tilt 40° with respect to RD

AG grains {100} <110> AG grains {100} <110>

CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD

AG grains {100} <110> AG grains {100} <110> AG grains {100} <110> Rx grains // RD

AG bands {100} <110> AG bands {100} <110> Rx grains // RD

CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

HDR (001)//Rollig Plane HDR (001)//Rollig Plane HDR (001)//Rollig Plane

AG grains {100} <110> Rx grains // RD Rx grains // RD + // DB

TEG (001)//Rollig Plane TEG (001)//Rollig Plane TEG (001)//Rollig Plane TEG (001)//Rollig Plane

DB tilt 40° with respect to RD Rx grains // RD Rx grains // RD Rx grains // RD

CEG (001)//Rollig Plane

HDR (001)//Rollig Plane

CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD

AG bands {100} <110> Rx grains // RD Rx grains // RD

CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

DB tilt 40° with respect to RD

AG grains {100} <110>

CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane CEG (001)//Rollig Plane

DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD DB tilt 40° with respect to RD

AG grains {100} <110> Rx grains // RD Rx grains // RD Rx grains // RD

6 AG bands {100} <110> AG bands {100} <110> Rx grains // RD Rx grains // RD

HDR (001)//Rollig Plane HDR (001)//Rollig Plane HDR (001)//Rollig Plane

AG grains {100} <110> AG grains {100} <110>

Rx grains // RD Rx grains // RD

4 Rx grains
Rx grains Rx grains// RD // RD

Rx grains fine, low GAR fine, low GAR fine, low GARRx grains Rx grains
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Figure 4.4.1 IPF maps, PFs, and IQ maps on the longitudinal plane of area 3 in the 

as-hot-rolled plate and annealed plates showing microstructures and texture 

development of the region containing AG regions with annealing 
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Figure 4.4.2 IPF maps, PFs, and IQ maps on the longitudinal plane of areas 6-7 in the 

as-hot-rolled plate and annealed plates showing microstructures and texture 

development of the region containing an AG band with annealing. 
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Figure 4.4.3 IPF and IQ maps on the longitudinal plane of area 5 in the as-hot-rolled plate 

showing the existence of grains with different crystal orientations from the 

matrix and surrounded by HAB. 

 

 Low magnification High magnification 

IP
F

 m
ap

 

  

K
A

M
 m

ap
 

  
Figure 4.4.4 IPF and KAM maps with low and high magnifications on the longitudinal plane 

of a region containing an AG band in the as-hot-rolled plate. 
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Figure 4.4.5 IPF, IQ, and KAM maps on the longitudinal plane of a region containing an AG band in the as-hot-rolled plate and 

cold-rolled plates showing increasing amounts of high KAM values in the AG region with cold-rolling reduction. 
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Figure 4.4.6 IPF and KAM maps on the longitudinal plane of areas 1, 2, and 5 in the 40% 

cold-rolled plate showing the dependence on grain thickness and AG 

distribution of the distribution of high KAM angles. 
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CHAPTER 5: SUMMARY AND CONCLUSIONS 

 

 The following conclusions are derived from the microstructural and texture observations 

with thermomechanical processing presented from this investigation of MA-956 plate with a 

heterogeneous starting microstructure: 

 

(1) MA-956 plate in the as-received (as-hot-rolled) condition displays an inhomogeneous layered 

microstructure. It consists of thin elongated grains (TEGs), less than 100 ㎛ in thickness, 

coarse elongated grains (CEGs) over 100 ㎛  in thickness, aggregated (AG) regions 

containing fine and subgrains surrounded by high angle (> 15°) or intermediate angle (5-15°) 

boundaries. The elongated grains have a {318} <311> texture, while the AG has a {100} 

<011> texture parallel to the longitudinal direction of the plate. The hardness of the AG 

region is higher than that of the elongated grains. 

  

(2) After 40% cold-rolling, deformation bands (DBs) are observed in the elongated grains. 

Heavily deformed regions (HDRs) additionally appeared in the region which consists of 

CEGs after 60% and 80% cold-rolling reduction. HDR is a deformation structure where DBs 

are intricately tangled by severe deformation. Misorientation gradients, whose magnitudes 

are indicated as KAM angles in KAM maps, are introduced by cold-rolling. The density of 

high KAM angles (> 10°) increased with increasing cold-rolling, and it varied with the 

thickness of the elongated grains and distribution of AG regions in each cold-rolled plate. 

TEGs with random orientation and CEGs with {318} <311> textures rotated toward a 

predominant orientation of (001) parallel to the rolling plane, (001)//rolling plane, while 

{100} <011> textures were retained. 

 

(3) Substantial microstructural and texture changing in the as-hot-rolled plate with annealing was 

observed after annealing at 1380℃. The AG regions disappear in the as-hot-rolled plate in 

favor of TEGs and CEGs and the hardness also only decreases in these regions. The textures 

after annealing at 1380℃ were random in the TEGs, contained a {318} <311> texture in 

CEGs, and indicated the disappearance of the {100} <011> texture. 



146 
 
 

(4) Annealing response of cold-rolled plates shows various microstructural and texture 

development depending on initial microstructure, cold-rolling reduction, and annealing 

temperature. Recrystallization occurred in DBs, AG regions, and HDRs after annealing at 

1000℃. Thickness and length, frequency of occurrence, and volume fraction of recrystallized 

grains increase with increasing annealing temperature. Volume fraction of recrystallized 

grains also increases with cold-rolling reduction. AG regions with {100} <011> texture 

disappear with recovery, recrystallization, and grain growth. (001)//rolling plane textures are 

retained in the region where the magnitude of KAM angles is low before annealing. The 

magnitudes of KAM angles and the hardness tend to decrease with increasing annealing 

temperature due to recrystallization and recovery. 

  

(5) The potential nucleation sites for recrystallization are deformed AG regions, DBs, and HDRs. 

Due to the variation of types of nucleation sites through the thickness of the plates, the 

distribution of recrystallized and recovered areas in the plates is also heterogeneous after 

isothermal annealing. High KAM angles as well as large stored energies are essential for 

recrystallization. AG regions, without additional cold deformation, do not take part in the 

nucleation of recrystallization due to insufficient stored energy. Recrystallized grains formed 

from the deformed AG regions consume the whole AG region and become elongated grain 

parallel to the RD. The recrystallized grains from DBs are developed parallel to the DB and 

form grains with high GAR (> 5). The recrystallized grains generated from HDR are finer 

and their GAR is lower (< 5) than that generated from other potential nucleation sites.  
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CHAPTER 6: FUTURE WORK 
  

 The effect of cold-deformation and annealing on microstructure and texture 

developments of Alloy MA-956 plate has been investigated in this study using several 

observation and analysis techniques. It is considered that the data from this study is valuable for 

the process design of making the alloy achieve more equiaxed and isotropic microstructure to 

improve the formability at low temperature. However, there are aspects where additional 

researches are required for further identification and understanding of microstructure 

development with cold-deformation and annealing. 

 When reviewing the recrystallization behavior, there is an aspect which would be of 

interest to study. High KAM angles as well as large stored energies are essential for 

recrystallization and it preferentially occurs in the regions containing large stored energies. The 

regions where fine grains and sub-grains are aggregated, AG regions, exhibited unique 

recrystallization behavior; they needed larger amounts of thermal energy for recrystallization 

than the regions with DBs and HDRs, and once recrystallization occurred in the regions, 

recrystallized grains rapidly developed, consuming whole AG regions. Since AG regions 

contains numerous grain boundaries and sub-boundaries, it is hypothesized that those boundaries 

prevented AG regions from increasing stored energy by cold-deformation, which resulted in the 

requirement of high thermal supply for recrystallization. In terms of rapid growth of 

recrystallized grains, it is possible that the distribution state of oxide dispersoids contributes to 

the growth. To fully identify the recrystallization behavior in AG regions, figuring out the 

distribution state of the dispersoids by Transmission Electron Microscopy (TEM) is necessary.  

In this study, relatively fine equiaxed grains appeared in a limited area and under limited 

processing conditions. The area where the desirable microstructure for formability at low 

temperature appeared consists of coarse elongated grains without AG (hard) regions. Forming 

HDRs in the coarse grains by cold-deformation is required for the desirable microstructure. To 

achieve the isotropic microstructure with fine equiaxed grains, the starting plate should consist of 

coarse grains. The as-hot-rolled plate after annealing at 1380℃ mostly consisted of coarse 

elongated grains. Using this annealed plate as starting material, there is a greater chance to 

achieve the isotropic microstructure with fine equiaxed grains. 
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