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Chapter 1 
 

Introduction 
 

1.1 Background 

 The international concern on the climate change and the global warming led to 

formation of Kyoto protocol in 1997 with the main objective to reduce man-made CO2. 

Hereafter the number of environmental treaties recommended the use of lightweight 

materials like aluminum (Al) and magnesium (Mg) based alloys for various commercial 

applications and encouraged the development of energy efficient product designs.  

 Among the lightweight materials magnesium based alloys are the most important, 

and they have been currently used in automotive, aerospace and electronics industries [1-4]. 

Their use improves the fuel efficiency of vehicles because lighter mass requires less energy 

than the heavier one.  The portability of electronic gadgets is also improved because the 

lightweight objects are easy to move. 

 The understanding and improvement of the mechanical behavior of magnesium 

alloys is one of the key strategies in the innovation of lightweight structure.  

 

1.1.1 Magnesium alloys as structural material: advantages and limitations 

 Magnesium is one of the most abundant elements found in the earth’s crust [5]. 

Magnesium alloys are the lightest among metallic materials that are conventionally used for 

structural applications. They have high specific strength because of their lower density in 

comparison to aluminum alloys and steels. Magnesium alloys have better castability and 

weldability under controlled environment. They have superior vibration damping properties 

than aluminum alloys and cast iron [6-8]. In comparisons to polymeric composites 
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magnesium alloys additionally provide better heat dissipation, thermal conductivity, 

electromagnetic shielding and recyclability [1,9]. 

 However, the use of magnesium alloys is still limited because of its low ductility 

and poor formability at room temperature. They also have low creep resistance at high 

temperature. The wrought magnesium alloys can have large mechanical anisotropy. Their 

low corrosion resistance further limits their use in structures [1]. Therefore there is lot of 

research opportunity for the improvement of mechanical properties in the magnesium alloys. 

 

Table 1.1| The ASTM codes used for the alloying elements in magnesium based 

alloy systems. 
  1 

 

 

 The ASTM codes for the elements used in magnesium alloys are given in table 1.1 

[10]. The Mg-Zn alloy system is an eutectic binary alloy where the maximum solubility of 

Zn is 6.2 wt.% in magnesium at eutectic temperature as shown in Fig. 1.1. The Zn is one of 

the important alloying elements that strengthen magnesium matrix by solid solution 

strengthening. It also formed second phase precipitates once the solute concentration 

exceeds the solubility limit [11]. 
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 The ZK60 is a commercially available magnesium alloy, which is based on Mg-Zn 

binary system. It is one of the strongest wrought magnesium alloys, which shows a good 

combination of strength and ductility [12]. The Zr in ZK60 acts as the grain refiner during 

solidification, which helps in reducing grain size and improving strength. The Zr also helps 

the formation of second-phase precipitates in ZK60 but somehow the effect on the 

improvement in strength is limited due to the relatively low precipitations hardening 

response [13,14].  

 The further improvement of mechanical behavior of ZK60 can be achieved by 

modifying the microstructure, which strongly affects the mechanical properties. This can be 

achieved by processing the alloys through various forming processes like extrusion, forging, 

rolling, etc. It is therefore important to understand the correlation between the 

microstructural evolution during the processes and their mechanical behaviors. 

 

 

Figure 1.1 | Phase diagram of Mg-Zn binary system (redrawn from [15]). 
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The present study focuses on the systematic understanding of microstructural evolution and 

its effect of mechanical behavior in pure magnesium, and magnesium alloys Z6 (Mg-Zn) 

and ZK60 (Mg-Zn-Zr) during the thermomechanical processes including severe plastic 

deformation followed by annealing and hot-deformation that are aimed for grain refinement. 

 

1.1.2 Deformation modes of magnesium 

 Magnesium belongs to hexagonal closed packed (hcp) crystal structure. The c/a 

ratio of pure magnesium is 1.624 which is close to the ideal c/a value of 1.633. The basic 

mechanisms for deformation in magnesium are slip and deformation twinning which also 

depend on its c/a.  

 

 

Figure 1.2 | (a) Four types of slip systems and (b) two types of twinning modes in 

magnesium. 
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 There are four types of slip systems which are found in magnesium: <a> basal slip, 

<a> prismatic slip, <a> pyramidal slip, and <c+a> pyramidal slips as shown in Fig. 1.2 (a) 

and two modes of deformation twinning called as tension twin and compression twin as 

shown in Fig. 1.2(b) [16-18]. 

 The activation of these slip systems depends on the various factors like critical 

resolved shear stress (CRSS), Schmidt factor and temperature. At room temperature, it is 

known that basal <a> slip is preferentially activated.  

 The preferential activation of the basal <a> slip creates a problem during 

deformation of polycrystalline Mg. According to von Mises criterion [19], five independent 

slips are required to accommodate the change in the shape during deformation. The basal 

<a> slips only provide two independent slips along the basal plane as shown in Table 1.2. 

The deficiency is compensated generally by the occurrence of twining or other slips 

including <c> components.  

 Still this deficiency in the independent slips causes low ductility and poor 

formability of Mg and Mg alloys at room temperatures. The preferential activation of basal 

slips also causes large mechanical anisotropy in the materials. 
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Table 1.2| Total number and independent slips possible from the slip system of 

magnesium [20]. 

 

     Number of slip system 

 Slip system      Total    Independent 

 <a> Basal  [1210](0001)    3    2 

 <a> Prismatic  [1210](0110)    3    2 

 <a> Pyramidal  [1210](0111)    6    4 

 <c+a> Pyramidal  [1123](1122)    6    5 

 

 

1.1.3 Effect of grain refinement on the mechanical properties 

 The change in the grain size of a polycrystalline metallic material has a significant 

effect on its mechanical properties. Usually the grain refinement causes the increase in the 

yield strength. This effect is expressed by the Hall-Petch relation [22]: 

 

 

 

σ! =  σ! +  K!D (1.1) 

 where, 

σ! : yield stress  

σ! : equation constant (friction stress)  

K! : equation constant (strengthening coefficient ) 

D : average grain size  
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Ultra grain refinement down to nano-meter grain sizes has been energetically 

studied in the last decades. Severe plastic deformation and other thermomechanical 

processes have succeeded in producing sub-micrometer grain sizes in bulky metallic 

materials. The ultrafine grained (UFG) metals show very high strength which is sometimes 

3-4 times higher than that of the coarse-grained counterpart. On the other hand, it is reported 

that the grain refinement below 1 µm often limits their tensile ductility due to early plastic 

instability [21]. In case of magnesium alloys, it has been reported that grain refinment down 

to several micro-meters could be realized rather easily, like through hot extrusion . It is also 

known that such grain refinement can improve the ductility of magnesium alloys [24,25] 

although the mechanism is still unclear.  

 Therefore in order to improve the mechanical property in magnesium based alloys, 

it is very important to investigate their grain refinement and the effect of the change in the 

grain size on the mechanical properties The alloy needs to be deformed to higher strain in 

order to make finer grain sizes. The fabrication of UFG microstructures in magnesium 

alloys by conventional processing route like rolling is difficult due to their low 

deformability. Therefore the severe plastic deformation (SPD) processes can be the 

candidate processes for deforming magnesium alloys to larger strain. Among various SPD 

processes, the high pressure torsion (HPT) process where fracture of material is inhibited by 

the large hydrostatic compressive pressure [26], would be especially suitable. 
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1.2 Research objectives   

 The mechanical properties of magnesium alloys can be improved by the change in 

grain size in its microstructure. Therefore, it is important to understand and analyze effect of 

their grain size on the mechanical behavior. This requires fabrication of various grain size 

ranging from very fine scale to coarser one. The severe plastic deformation (SPD) processes 

like HPT can be used to deform metal and alloys up to very high strain. The SPD makes it 

possible to refine the grain size down to nano-meter scales.  

 The conventional processing cannot refine the grain size of magnesium alloys 

because of their low deformability.  Therefore SPD is used for the grain refinement of 

magnesium alloys in the present study. Among various SPD processes, High Pressure 

Torsion (HPT) is the suitable technique. The HPT uses a large compressive stress up to 6 

GPa during the processing. This lead to a substantially hydrostatic stress situation in the disc 

specimens, which prevents failure upto very large shear strain. The evolution of 

microstructure during the HPT would affect the microstructure after subsequent heat-

treatments (like annealing). Therefore it is also important to investigate the microstructural 

evolution during HPT. On the other hand, since the HPT process is a laboratory scale 

process that cannot be applied to industrial scale. Therefore a hot compression study using 

thermo-mechanical simulator is done on the ZK60 alloy in the present study to find out the 

possibility of grain refinement through realistic hot-deformation processes. In addition to 

investigating the possibility of grain refinement, the processing map concept [27] is used for 

understanding optimum deformation conditions that can avoid fracture and heterogeneous 

deformation of materials. 
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The purpose of the present study is as follow:  

1. To investigate the microstructure evolution during HPT in Mg, Z6 and ZK60, 

aiming for ultra grain refinement in magnesium alloys. 

2. To investigate the grain size effect on the mechanical behavior of Mg, Z6 and 

ZK60. 

3. To study the hot compression behavior for understanding the possibility of grain 

refinement and the optimum deformation conditions from a metal-working 

viewpoint.  
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1.3 Outline of thesis 

 The present dissertation consists of five chapters. 

 Chapter 1 is the “Introduction”, where the introductory concept of deformations in 

magnesium alloys, the research objective and the thesis outline are discussed.   

 Chapter 2 studies “Evolution of microstructure during the HPT processing of pure 

magnesium, Z6 and ZK60”, where the microstructure evolution during the HPT processing 

of pure magnesium and magnesium alloys is discussed.  

 Chapter 3 studies “Mechanical properties of HPT processed magnesium and 

magnesium alloys”, where the microstructure evolution of the HPT processed materials 

during subsequent annealing and the tensile deformation behaviors of the obtained materials 

having various grain sizes in the pure magnesium and magnesium alloys are discussed.  

 Chapter 4 studies “Hot compression behavior and process map development of 

magnesium alloy ZK60”, where the constitutive analysis of hot compression curves, the 

development of processing and instability maps, and the microstructural analysis of 

deformed samples are discussed.  

 Chapter 5 is the “Summary and conclusions”, which makes the summary and 

conclusions of the thesis. 
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Chapter 2 
 

Evolution of Microstructure during the 
HPT Processing of Pure Magnesium, Z6 
and ZK60 
 
 

 In crystalline metallic materials the mechanical properties are affected by the 

change in their grain sizes. The fabrication of fine grain has shown the improvement in 

mechanical properties. The High-Pressure Torsion (HPT) is a Severe Plastic Deformation 

(SPD) process, which can refine grain sizes in bulk materials by imposing large shear strain 

during deformation under high pressure. This process is suitable for magnesium and 

magnesium alloys, since the hydrostatic compressive pressure prevents their failure during 

large deformation. The objective of the present chapter is to investigate the microstructure 

evolution during HPT in pure magnesium and magnesium alloys Z6 and ZK60 in order to 

understand the grain refinement mechanisms. 

 It was found that pure magnesium showed dynamic recrystallization during HPT 

deformation even at room temperature. In contrast, the magnesium alloy Z6 did not show 

DRX but exhibited lot of shear bands, of which number and density increased with HPT 

deformations. The magnesium alloy ZK60 showed a combined mechanism of shear banding 

at early stage of deformation and dynamic recrystallization with limited grain growth at later 

stage of deformation.  
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2.1 Introduction  

 The mechanical properties of a polycrystalline metallic material are affected by the 

change of its grain size [1]. As the grains become finer the grain boundary fraction increases 

in the polycrystalline material, which has an effect on its mechanical properties.  The 

fabrication of fine-grained microstructure has shown improvement of mechanical properties 

in various alloys [1-5]. In the same context, grain refinement may also change the 

mechanical behavior of magnesium alloys that usually show low yield strength and limited 

ductility due to the hexagonal crystalline structure. One of the ways to reduce the grain size 

is to process the material through Severe Plastic Deformation (SPD) processes, which 

imposes a large plastic strain [6].  

 Among the SPD processes, High-Pressure Torsion (HPT) is ideal for deforming 

magnesium and magnesium alloys to high plastic strains without fracture. The high pressure 

during processing provides a compressive hydrostatic stress within a closed die that prevents 

failure of magnesium up to high strains. The extent of grain refinement depends on the 

deformation mechanism during HPT [7], which can be characterized by the hardness and 

microstructural changes. The alloying element should also have an effect on the deformation 

mechanism and grain refinement during SPD (HPT).  

 The objective of the present chapter is to investigate the extent of grain refinement 

and its mechanism in pure Mg and Mg alloys that can occur during HPT processing. The 

microstructural evolution is determined to clarify the grain refinement mechanism. The pure 

Mg and magnesium alloys Z6 (Mg-Zn) and ZK60 (Mg-Zn-Zr) are used to clarify the effect 

of Zn and Zr in Mg respectively. This chapter reports the hardness behavior and the 

microstructural evolution in Mg, Z6 and ZK60 Mg alloys. 
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2.2 Experimental procedure 

2.2.1 Materials 

 The materials studied in this chapter were pure Mg  (99.9 wt% purity), Z6 (Mg-

6.35wt%Zn) alloy and ZK60 (Mg-5.8wt%Zn-0.65wt%Zr) alloy. The detailed elemental 

compositions of these materials are given in the Table 2.1 for Mg, Table 2.2 for magnesium 

alloy Z6 and Table 2.3 for magnesium alloy ZK60. The as-received pure Mg was an 

extruded rod with a diameter of 25.4 mm and the as-received Mg alloys Z6 and ZK60 were 

cast ingots with a diameter of 67 mm.  

 

Table 2.1| Elemental composition of pure magnesium (Mg).    

Elements Mg Al Cu Fe Mn Ni Si   
wt% 99.9 0.01 <0.005 <0.005 0.01 <0.005 0.01   
          
Table 2.2| Elemental composition of magnesium alloy Z6.    

Elements Mg Zn Cu Fe Mn Ni    
 wt% Bal. 6.35 <0.001 0.03 0.014 <0.001    
          
Table 2.3| Elemental composition of magnesium alloy ZK60. 

Elements Mg Zn Zr Al Cu Fe Mn Ni Si 
 wt% Bal. 5.8 0.65 0.01 <0.01 <0.01 <0.01 <0.01 0.03 

 

 

 Both alloys were homogenized at 350 °C for 48 h and water quenched followed by 

another heat-treatment at 400 °C for 0.5 h. They were again water quenched after the final 

heat treatment at 400 °C as shown in Fig. 2.1. 
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Figure 2.1 | Schematic diagram of the heat treatment for the Z6 and ZK60. 

 

2.2.2 Processing by high-pressure torsion 

 The disk shaped specimens were required for HPT processing. The disks of 10 mm 

in diameter and 0.8 mm in thickness were cut from the as received pure Mg and heat-treated 

Mg alloys using a wire electric-discharge cutting machine. Figure 2.2 illustrates the position 

of HPT disks in the as-received extruded rod of pure Mg and heat-treated cast ingot of 

magnesium alloys Z6 and ZK60. 

 

Figure 2.2 | Illustrations showing the positions from which HPT disks were taken in the (a) 

as received extruded rod of pure Mg and (b) heat treated cast ingots of the Z6 and ZK60. 
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Figure 2.3 | Schematic diagrams of  (a) the HPT deformation conditions for the pure Mg 

and (b) the heat treatment and HPT deformation conditions for the Z6 and ZK60 alloys. 

 

 These disks were HPT processed under a compressive pressure of 6 GPa with a 

rotation speed of 0.2 rpm at room temperature. The Schematic diagram showing the HPT 

deformation conditions are shown in Fig. 2.3. They were processed up to various rotation 

angles ranging from 5° to 1800° for Mg and 30° to 1800° for Z6 and ZK60 Mg alloys which 

correspond to various maximum shear strains ranging from 0.3 to 176.7 at the disk edge 

position. Figure 2.4 illustrate the HPT disk parameters used for calculating the shear strain. 

The shear strain (γ) in HPT depends on the radial position in the disk and is calculated by 

the equation (2.1) shown below.  

γ = ∆!
! =

2!"
!  !

360°                                                                                                   (2.1) 

where 

∆! ∶  the displacment in the shear direction (mm)   

 ! ∶  the radial distance from the disk centre (mm)    

! ∶  the thickness of the disk  (0.8 mm) 

! ∶  the rotation angle of HPT process ( deg. ) 
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Figure 2.4 | Illustration of the HPT disk showing all parameters used in calculating the 

shear strain. 

 

2.2.3 Vickers hardness test by microindentation 

 As the surfaces of the as-HPT specimens were not flat, the top and bottom surfaces 

of the HPT processed disks were polished by 2400-grit size and 4000-grit size silicon 

carbide papers with water. They were polished until both surfaces became flat and parallel 

so that the disk thickness was reduced to 0.5 mm or less. One of the surfaces was further 

polished with a diamond suspension (Struers DP-Suspension A) and an alcohol-based 

lubricant (Struers DP-lubricant blue) on a polishing cloth. At first the surface was polished 

by the diamond suspension with a particle size of 3 µm for 15 min and then polished by the 

diamond suspension with a particle size of 1 µm until the mirror like surface was achieved. 

The finished surface was cleaned with ethanol and blown with dry air. 

 The micro-indentation tests were done on these finished surfaces to measure the 

Vickers hardness. Vickers hardness number (HV) was used to indicate the hardness value, 

which was determined as follows: 
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!" = !
! =  !

!!
2 sin !"#°!

≈ 1.854 !!!                                                                            (2.2) 

where   

! ∶  the applied  load (kgf)   

! ∶  the surface area of pyramidal shaped indentaion (mm!) 

! ∶  the mean diagonal of indentaion  (mm)   

 

 The micro-indentation was done with a load of 0.05 kgf and 0.2 kgf and a dwell 

time of 15 s for pure Mg and magnesium alloys, respectively. The hardness measurements 

were done at eight different radial positions from its center to the edge in the disk as shown 

in Fig. 2.5. The micro-indentation at radial distance of 5 mm was avoided because there 

might be inhomogeneity in plastic flow of the material near edges of the HPT disk. This 

inhomogeneity can cause heterogeneous deformation along the disk thickness and affect 

hardness values [8]. In the HPT processed disks there can be undeformed zones, especially 

at areas in contact with the corner of the anvils because of the friction [9]. These 

undeformed zones also cause inhomogeneity in the plastic flow near the edges. The disk 

thickness was reduced from 0.8 mm to 0.5 mm or less as mentioned before in order to 

minimize the effect of any deformation inhomogeneity along the thickness on the hardness 

value. 
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Figure 2.5 | Illustration showing all positions at which the micro-indentation tests were 

done to calculate hardness distribution in the HPT processed disks. The micro-indentation 

measurements were done at centre, 1mm, 2mm, 3mm, 4mm and 4.5mm radial positions 

from the center. 

  

2.2.4 Microstructural characterization by transmission electron microscopy  

 The samples for TEM observations were prepared from the HPT processed disks. 

The disks HPT processed by various rotations were cut into thin strips with a thickness of 1 

mm using a wire EDM. In the HPT disks, the shear strain changes depending on the radial 

position as mentioned in the section 2.2.3. Therefore, these strips were cut at various radial 

positions on the disk where important values of shear strain are expected. The thin strips are 

cut from the HPT disk along the cross-section of the disk as shown in Fig. 2.6. 
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Figure 2.6 | Illustration showing the position of TEM observation in the HPT disk. The 

deformation axes in the HPT process are indicated by r, θ and z corresponding to the radial 

direction, shear direction and direction along the disk thickness, respectively.  

 

 The strip width was reduced from 1 mm to 150 µm first by mechanical polishing for 

preparing thin foils perpendicular to the radial direction of the disk. The polishing was done 

using 1200-grit size, 2400-grit size and 4000-girt size silicon carbide papers. Then the strip 

was thinned until a small hole formed near the center of the strip by twin jet electro-

polishing. The electrolyte solution used was composed of 5.3 g of lithium chloride (LiCl) 

and 11.16 g of magnesium perchlorate (Mg(ClO4)2) dissolved in a mixture of 500 ml of 

methanol (CH3OH) and 100 ml of 2-butoxy-ethanol (C6H14O). The electro-polishing was 

done at a voltage of 90 V and temperature of 218 K (-55 °C). The sample was immediately 

cleaned by ethanol after electro-polishing and dried in air.  

 The electro-polished surface around the hole was further cleaned from retained 

contamination by Ion beam polishing (Gatan Precision Ion Polishing System). The condition 

for its gun voltage, beam current and beam angle were set to be 2 kV, 9 µA and 2°, 

respectively. The sample stage was rotated at an angular speed of 3 rpm. The ion polishing 

was done for the duration of more then 0.5 h depending on the surface condition of each 

sample. The microstructures and selected area electron diffraction (SAED) patterns of these 
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samples were observed by TEM (JEOL-2010 and JEOL-2100F) at the acceleration voltage 

of 200 kV. 

 

2.2.5 Microstructural characterization by electron backscattered diffraction and 

backscattered electron imaging 

 The Electron Backscattered Diffraction (EBSD) and Scanning Electron Microscope 

Backscattered Electron (SEM/BSE) observations were done on the cross section of HPT 

processed disks. The observed cross section was perpendicular to the radial direction of the 

disk. A wire EDM or low speed diamond wheel saw was used to cut the disk along the cross 

section at various radial distances as shown in Fig. 2.7. These radial distances were 

calculated from the important shear strain values. 

 

Figure 2.7 | Illustration showing the observation surface for EBSD in the HPT disk. 

 

 The cross section shown in Fig. 2.7 was mechanically polished for the EBSD 

observation. At first, the surface was polished on 2400-grit size and 4000-grit size silicon 

carbide papers with water as lubricant until the surface became flat. Then it was polished 

with diamond suspension of particle size 3 µm (Struers DP-Suspension A) and an alcohol-

based lubricant (Struers DP-lubricant blue) on a polishing cloth for 10 min. Finally it was 

polished with colloidal silica suspension with the particle size of 0.04 µm (Struers OP-S 
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Suspension) and ethanol as lubricant on a neoprene cloth (Struers OP-Chem) till the mirror 

like surface was achieved. The load for polishing and rotation speed of polisher were kept 

low to avoid deep scratches on relatively soft magnesium and Mg alloys. These polishing 

steps are summarized in Table 2.4. 

 

Table 2.4| Conditions and sequence for mechanical polishing for the EBSD and BSE 

measurement. 

Step Particle Size Load Rotation speed Time 
1 2400-grit SiC 0.5 kgf 4 revolution /s Until flat 
2 4000-grit SiC 0.5 kgf 4 revolution /s Until flat 
3 3µm (Diamond suspension) 0.5 kgf 2 revolution /s 10 min 
4 0.04 µm (Colloidal silica) 0.3 kgf 2 revolution /s Mirror like finish 
 

 

 After colloidal silica polishing, the surface was quickly cleaned with ethanol spray 

and immersed in a beaker containing ethanol (99.5% purity) for ultrasonic cleaning. This 

beaker was kept inside an ultrasonic cleaner for 15 min. Then sample was taken out from 

this beaker and quickly immersed in a second beaker containing ethanol (99.5% purity). The 

second beaker is again kept inside the ultrasonic cleaner for 15 min. Finally the sample was 

taken out from the second beaker then cleaned with ethanol (99.5% purity) and blow-dried 

with dry air for a few seconds. The samples were taken out of the beaker just before the 

ultrasonic cleaner stopped so that the settling of remaining silica particles on sample surface 

could be avoided. 

 The centre part of the prepared sample surfaces was used for EBSD and BSE 

observation. The scanning electron microscope used was JEOL 7100F and JEOL 7800F at 

the acceleration voltage of 15 kV. The Electron Backscattered Patterns (EBSP) were 

indexed with EDAX EBSD indexing system during observation. The EBSP were analyzed 

by using EDAX Orientation Imaging Microscopy (OIM) AnalysisTM software. Figure 2.8 

shows the flow diagram of the complete experimental procedure. 
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Figure 2.8 | Flow diagram of the whole experimental process. 
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2.3 Results 

2.3.1 Starting Materials 

  Figure 2.9 shows EBSD grain boundary maps of the starting microstructures of pure 

Mg and magnesium alloys Z6 and ZK60. The grain boundary maps are obtained from the 

EBSD observation. Figure 2.9 (a) shows the grain boundary map of pure Mg with the 

average grain size of 61 µm. Figure 2.9 (b) shows the grain boundary map of Z6 with the 

average grain size of 166 µm. Figure 2.9 (c) shows the grain boundary map of ZK60 with 

the average grain size of 50 µm. The average grain size was calculated by the linear 

intercept method using high angle grain boundaries (black lines) in each map for more than 

100 grains.  

  The pure Mg was received after hot extrusion, whereas the magnesium alloys Z6 

and ZK60 were heat-treated as mentioned in the section 2.2.1. The grain boundary map of 

pure Mg (Fig. 2.9(a)) has a lot of low angle grain boundaries (LAGBs) shown by green line. 

These grain boundaries can be introduced during the deformation of pure Mg by hot 

extrusion.  

  The grain boundary map of Z6 (Fig. 2.9(b)) shows very coarse grains. This is owing 

to the grain growth during the heat treatment at higher temperature (450°C) for relatively 

longer time (1.8 ks). In contrast, the grain boundary map of ZK60 (Fig. 2.9(c)) shows fine 

grains in comparison with the grains of Z6 after the same heat treatment. This suggests the 

presence of second phase particles in ZK60, which can stop the grain growth during the heat 

treatment. 

  



 

	 	27	

  

 Figure 2.9 | EBSD grain boundary maps of the starting microstructures of pure Mg, 

Z6 and ZK60 showing their grain sizes. (a) Grain boundary map of pure Mg with the 

average grain size (davg) of 61 µm. (b) Grain boundary map of Z6 with the average grain 

size of 166 µm. (c) Grain boundary map of ZK60 with the average grain size of 50 µm. 

High angle grain boundaries (HAGB) with misorientaion angles equal to or more than 15° 

are shown by black lines in the maps. Low angle grain boundaries (LAGB) with 

misorientaion angles more than or equal to 2° and less than 15° are shown by green lines in 

the maps.  The compression direction and shearing direction in the HPT process are 

indicated by z and θ, respectively. 

  Figure 2.10 shows the Inverse Pole Figures (IPFs) obtained from the EBSD maps, 

which reveal the initial texture of starting microstructures for HPT processing. They are 

calculated for the HPT compression direction (z) for more than 100 grains in each material. 

Figure 2.10 (a) shows the IPF of pure Mg, which shows relatively strong texture highlighted 

by red color. Figure 2.10 (b) and Fig. 2.10 (c) shows IPF of Z6 and ZK60, respectively. 

They show relatively weak texture. 

  The IPF of pure Mg (Fig. 2.10 (a)) shows the maximum pole intensity of 3.56. It 

indicates that the most of the prismatic planes {1010} are nearly perpendicular to the 
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extrusion direction, so that the HPT compression direction (z). The texture was formed in 

the hot extrusion. 

   

 

 Figure 2.10 | Inverse pole figures (IPFs) of the starting microstructures of pure Mg, Z6 

and ZK60 showing the micro-texture. Showing crystallographic orientations of grains 

parallel to the z axis in HPT. (a) Inverse pole figure of the starting microstructure of pure 

Mg with the maximum pole intensity of 3.560. (b) Inverse pole figure of the starting 

microstructure of Z6 with the maximum pole intensity of 2.067. (c) Inverse pole figure of 

the starting microstructure of ZK60 with the maximum pole intensity of 1.433.  

  

  The IPFs of Z6  (Fig. 2.10 (b)) and ZK60 (Fig. 2.10 (c)) show the maximum pole 

intensity of 2.067 and 1.433, respectively. The Z6 shows relatively stronger texture than 

ZK60 possibly due to the grain growth (Fig.2.9 (b)) of some preferred grains orientation 

during the heat treatment. 

 Figure 2.11 shows the TEM images of the starting microstructures of Z6 and ZK60 

after the homogenization at 350 °C for 48 h followed by the heat treatment at 400 °C for 0.5 

h as mentioned above. Figure 2.11 (a) is the TEM image of Z6, which has no precipitates 

after the heat treatment. Figure 2.11 (b) is the TEM image of ZK60, which has many 

precipitates. The rod like precipitates are reported to be Mg(Zn,Zr) precipitates [10]. These 
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precipitates can inhibit the grain growth of ZK60 during the heat treatment as discussed 

above.  

 

 

 

Figure 2.11 | TEM images of the starting microstructures of (a) Z6 and (b) ZK60 obtained 

after the initial heat treatment. The TEM image (b) shows the presence of rod like 

precipitates [10] in ZK60. 

 

 Figure 2.12 shows the formation of inhomogeneous precipitate distribution in ZK60 

after the initial heat treatment. Figure 2.12 (a) shows a BSE image of the microstructure of 

the as-received ZK60 cast ingot. Figure 2.12 (b) shows a BSE image of the microstructure 

of ZK60 after the heat treatment mentioned in the section 2.2.1. In the alloy ZK60, a flower 

like morphology of light contrast zones shown as “c” surrounded by dark contrast zones is 

observed. Figure 2.12 (c) shows the high-resolution image of the light contrast regions. 

Figure 2.12 (d) shows the high-resolution image of dark contrast regions. 

 In Fig. 2.12 (c), the high-resolution image of the light contrast regions shows the 

elongated particles with bright contrast, which look similar to the rod like precipitates 

shown in the TEM image (Fig.2.12 (c)). The dark field TEM image inserted in (c) shows the 
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precipitates from similar area. On the other hand, in Fig. 2.12 (d) showing the high-

resolution image of the dark contrast regions, such particles were less observed.  

 

 

Figure 2.12 | BSE images showing the inhomogeneous precipitate distribution in the 

starting microstructure of ZK60 cast and heat-treated. (a) BSE image of the as-cast 

microstructure of ZK60. (b) BSE image of the ZK60 cast, heat-treated (homogenized) at 

350 °C for 48 h and subsequently heat-treated at 400 °C for 0.5 h. (c) High resolution BSE 

image of the light contrast region indicated as "c" in (b), which is termed as the precipitate 

rich zone (PRZ) with an inserted dark field TEM image of a similar area. (d) High 

resolution BSE image of the dark contrast region indicated as “d” in (b), which is termed as 

the precipitate deficient zone (PDZ). 
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 The observations confirmed an inhomogeneous distribution of the precipitates in 

ZK60 cast and heat-treated. The light contrast flower like regions are the precipitate rich 

zones (PRZ) indicated by “c” in Fig. 2.12 (b), whereas the dark regions are the precipitate 

deficient zones (PDZ) indicated by “d” in Fig. 2.12 (b). Further elemental analysis by 

Energy-Dispersive X-ray (EDX) was done on the PRZ. 

 Figure 2.13 shows the BSE and EDX images of an identical area of the ZK60 

specimen cast and heat-treated. Figure 2.13 (a) clearly shows the PRZ. Figure 2.13 (b) is the 

BSE image with a grain boundary map of the same area obtained by an EBSD analysis, 

which shows the position of PRZ with respect to the solidified grains. The PRZ mostly lies 

inside the grains but a few of them appear to cross grain boundaries.  

 Figure 2.13 (c) is the EDX map showing the elemental distribution of Zn in the 

same area as (a). It indicates a high concentration of Zn within the PRZ. Figure 2.13 (d) is 

the EDX map showing the elemental distribution of Zr of the same area, which indicates a 

high concentration of Zr in the PRZ. The bright contrast indicates the higher concentration 

of Zn or Zr in these figures.  The above evidences suggest that the PRZ is rich in Zn and Zr. 

Since Zn and Zr form Mg(Zn,Zr) precipitates in this alloy [ref].  

It can be concluded from the obtained results shown above that the flower like 

morphology composed of the PRZ and PDZ in the ZK60 alloy was formed in solidification, 

reflecting the solidification segregation of Zn and Zr elements, and remained even after the 

heat treatments at 350°C and 400°C. 
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Figure 2.13 | SEM BSE images and EDX maps of the precipitate rich zones (PRZ) in 

the starting microstructure of ZK60. (a) BSE image showing the precipitate rich zones 

(PRZ) visible as the light contrast flower like morphology. (b) BSE image overlapped with 

the EBSD grain boundary map of the same area as (a), showing the relative positions of 

precipitate rich zones (PRZ) with respect to the grain structure. The red lines show high 

angle grain boundaries (HAGB) with misorientaion angles over 15°. (c) Element 

distribution map of Zn obtained by EDX of the same area as (a). (d) Element distribution 

map of Zr obtained by EDX of the same area as (a).  
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2.3.2 HPT processing of pure Mg  

 Figure 2.14 shows the Vickers hardness plots for the HPT processed pure 

magnesium. Figure 2.14 (a) shows the plot of hardness variation along the radius of HPT 

processed disk. The hardness curve after 5° rotation shows the highest hardness value at the 

centre, and it decreases with approaching to the edge of the disk in the plot. But, after 30° 

rotation, the hardness increases from the centre (r = 0 mm) to the mid-radius (r = 2 mm) and 

then reduces toward the edge (r = 4.5 mm). The hardness curve after 90°, 180° and 360° 

rotation shows decrease in hardness value from the centre to the edge of the disks. The 

hardness of the starting microstructure was 33 HV shown by dashed line in Fig.2.14 (a). 

 Figure 2.14(b) shows the plot of hardness variation in pure magnesium with 

increasing the shear strain during HPT processing. The Vickers hardness values first 

increase with increasing the shear strain, then decrease forming a peak, and then attain a 

steady state value. The shear strain here is directly proportional to the number of HPT 

rotations and the radial distance from the centre of the disk as described in the equation 

(2.1). The peak formation followed by approximate steady state of hardness is shown by the 

red circles in Fig.2.14, which correspond to 30° HPT rotations.  

 The variation of Vickers hardness with respect to the shear strain provides an 

insight of deformation mechanism during the HPT process. The initial increase in the 

hardness value from that of the starting material (shown by dashed line) reveals strain-

hardening happening at the early stage of HPT deformation. The drop in the hardness curve 

after the peak is an evidence of the occurrence of a softening phenomenon in pure 

magnesium during HPT processing. 
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Figure 2.14 | Vickers microindentation hardness plots of the HPT processed pure Mg. 

(a) Vickers hardness plots showing the variation of average hardness values at various radial 

positions in the disks of pure Mg HPT processed by various rotations. (b) Vickers hardness 

plot showing the variation of hardness values of pure Mg as a function of the shear strain 

imposed in HPT processing. The disks were HPT processed at a compressive stress of 6 

GPa with a rotational speed of 0.2 rpm at a room temperature. The hardness plot (b) shows a 

peak in the hardness value at a shear strain of 1.31. 
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 Figure 2.15 shows the hardness plot indicating the positions (b)-(f) of various shear 

strains where the BSE observations are done to understand the microstructure evolution of 

pure Mg during HPT processing. The important shear strains are (b: γ=0.33) and (c: γ=2.62) 

for understanding the microstructure evolution around the hardness peak. The 

microstructure observation at the shear strains (d: γ=3.93), (e: γ=11.78) and (f: γ=23.56) 

would clarify the change in microstructure during the steady state.  

 

 

Figure 2.15 | Vickers hardness plot showing the positions (b)-(f) with various shear 

strain values where the microstructures are observed in the HPT processed pure Mg. 

The shear strains at the positions (b)-(f) are,  (b) 0.33, (c) 2.62, (d) 3.93, (e) 11.78, and (f) 

23.56, for which the BSE observations are done on the HPT processed pure Mg as shown in 

Fig. 2.16. 
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 Figure 2.16 shows the BSE images of the microstructures of the HPT processed 

pure Mg specimen at various shear strains. The BSE observation was done on the cross-

section of the HPT processed disk as illustrated in the previous section 2.2.5. Figure 2.16 (a) 

shows the starting microstructure of pure Mg. Figure 2.16 (b) corresponding to a shear strain 

of 0.33 shows a deformed microstructure with lamellar structures and deformation twins. 

The deformation twins can be identified by their lenticular shape. Figure 2.16 (c) 

corresponding  to a shear strain of 2.62 shows a partially recrystallized microstructure, 

which consists of deformed regions within big initial grains elongated and recrystallized 

grains.  

 Figure 2.16 (d) corresponding to a shear strain of 3.93 shows a partially 

recrystallized microstructure, where the fraction of deformed regions is reduced than that in 

(c). Figure 2.16 (e) corresponds to a shear strain of 11.78, and shows almost fully 

recrystallized microstructure composed of nearly equiaxed grains. Almost no deformed 

region is observed. Figure 2.16 (f) corresponding to a shear strain of 23.56 shows a fully 

recrystallized microstructure. The grains are supposed to be formed by dynamic 

recrystallization happening during HPT. The occurrence of dynamic recrystallization can 

explain the hardness drop after the peak shown in Fig. 2.15. 
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 Figure 2.16 | BSE images showing the microstructure evolution of pure Mg with increasing the shear strain during HPT processing. BSE 

images of the HPT processed pure Mg at the shear strain of (a) 0 (corresponding to the starting microstructure (SM)), (b) 0.33, (c) 2.62, (d) 3.93, (e) 

11.78 and (f) 23.56 are shown.  The compression direction and shearing direction in the HPT process are indicated by z and θ respectively. 
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 Figure 2.17 represents BSE images showing the microstructural features at various 

shear strains during HPT processing of pure Mg. Figure 2.17 (a) shows the microstructure 

corresponding to a shear strain of 0.33. The microstructure includes a lot of deformation 

lamella and deformation twins as shown in the Fig. 2.17 (a). The fine lamellar structures of 

thickness around 1 µm are formed inside bigger lamellas or elongated initial grains. The 

deformation twins were identified by the characteristic lenticular shape. These lamellas and 

deformation twins have a change in contrast inside them, which indicates a change in 

orientation due to accumulation of dislocations.  

 Figure 2.17 (b) shows the microstructure corresponding to a shear strain of 2.62. 

The microstructure shows the formation of new recrystallized grains from the deformed fine 

lamellar structures.  Figure 2.17 (c) shows the microstructure corresponding to a shear strain 

of 23.56. The fully recrystallized microstructure composed of equiaxed grains with nearly 

constant contrasts (i.e., orientations).  

 



 

	 	39	

 

Figure 2.17 | BSE images of the HPT processed pure Mg at various shear strains, 

showing the deformed and recrystallized microstructures. BSE images of the HPT 

processed pure Mg at the shear strain of  (a) 0.33, (b) 2.62 and (c) 23.56 are shown. (a) 

Deformed microstructure. (b) Partially recrystallized microstructure. (c) Fully recrystallized 

microstructure. The compression direction and shearing direction in the HPT process are 

indicated by z and θ respectively. 
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 Figure 2.18 shows a TEM image of the pure magnesium HPT processed to a shear 

strain of 23.56. The TEM observation was done from the r direction of the disk. The shear 

strain corresponds to the steady state region in the hardness plot shown in Fig.2.15. The 

TEM image clearly shows equiaxed grains including dislocations, which confirms the 

occurrence of dynamic recrystallization during HPT processing. The occurrence of dynamic 

recrystallization was found in the 99wt% pure magnesium during the HPT deformation. It 

should be noted that the HPT deformation was carried out at room temperature. Since the 

HPT process was carried out at a very slow rotation speed, i.e., 0.2 rpm, the increase of the 

temperature of the disk specimens measured during the process was small and the 

temperature increase was within 35 °C. 

 

 

Figure 2.18 | TEM image of the microstructure of pure Mg HPT processed to a shear strain 

of 23.56, showing the dynamically recrystallized grain. Observed from the r direction of the 

disk specimen. 
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2.3.3 HPT processing of Z6 

 Figure 2.19 shows the Vickers hardness plots for the HPT processed Z6. Figure 2.19 

(a) shows the plot of hardness variation along the radius of the HPT processed disk. The 

hardness curve after 30°, 90°, 180° and 360° rotations shows an increase in the hardness 

values from centre (r = 0 mm) to the edge  (r = 4.5 mm) of the disk. The hardness curve 

after 1800° rotation, shows almost the same hardness values irrespective of the radial 

distance of the disk. The hardness of starting microstructure was 81 HV as shown by the 

dashed line in Fig. 2.19 (a). 

 Figure 2.19 (b) shows the plot of hardness variation with increasing the shear strain 

during HPT processing. The hardness curve shows an increase in the hardness value, which 

later becomes approximately constant or steady around 115 HV with the increase of shear 

strain. The hardness curve of Z6 do not show any sharp peak similar to hardness curve of 

pure Mg with the increase of shear strain.  
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Figure 2.19 | Vickers microindentation hardness plots of the HPT processed Z6. (a) 

Vickers hardness plots showing the variation of average hardness values at various radial 

position in the HPT processed disk of Z6 processed by various rotations. (b) Vickers 

hardness plot showing the variation of hardness values of Z6 as a function of shear strain 

imposed in HPT processing of Z6. The disk were HPT processed at a compressive stress of 

6 GPa with a rotational speed of 0.2 rpm at a room temperature. The hardness plot (b) 

shows that hardness value increases and become constant with increasing shear strain. 
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 Figure 2.20 shows the hardness plot indicating the positions (b)-(f) of the various 

shear strains where the BSE observations are done to understand the microstructure 

evolution of Z6 during HPT processing. The microstructure observation at the shear strains 

(d: γ=11.78), (e: γ=23.56) and (f: γ=117.81) would clarify the change in microstructure from 

strain-hardening to steady state during HPT processing of Z6. 

 

 

Figure 2.20 | Vickers hardness plot showing the position (b) to (f) with various shear 

strain values where the microstructures are observed in the HPT processed Z6. The 

shear strain positions (b)-(f) are, (b) 1.96, (c) 5.89, (d) 11.78, (e) 23.56, and (f) 117.81, for 

which the BSE observations are done on the HPT processed Z6 as shown in Fig. 2.21. 
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 Figure 2.21 shows the BSE images of the microstructures of the HPT processed Z6 

specimen at various shear strains. The BSE observations were done on the cross-section of 

HPT processed disk as illustrated in the previous section 2.2.5. Figure 2.21 (a) shows the 

starting microstructure of Z6 with the grain size of 166 µm. Figure 2.21 (b) corresponding to 

a shear strain of 1.96 shows the microstructure having of localized deformations across 

grains identified as shear bands (SB).  

 Figure 2.21 (c), Fig. 2.21 (d) and Fig. 2.21 (e) corresponding a the shear strain of 

5.89, 11.78 and 23.56 respectively, show the microstructures with the change in the 

orientation of the shear bands and increase in the elongation of grains along the shear 

direction “θ” with increasing the shear strain. Figure 2.21 (f) corresponding to a shear strain 

of 117.81 shows microstructure, which is homogeneously deformed by HPT. The grains are 

elongated and form the lamellar structure having wavy grain boundaries. This waviness 

indicates the high mobility for the grain boundary migration during HPT.  
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Figure 2.21 | BSE images showing the microstructure evolution of Z6 with the increasing the shear strain during the HPT processing. BSE 

images of the HPT processed Z6 at the shear strain of (a) 0 (corresponding to the starting microstructure (SM)), (b) 1.96, (c) 5.89, (d) 11.78, (e) 

23.56 and (f) 117.81 are shown.  The compression direction and shearing direction in the HPT process are indicated by z and θ respectively. 
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 Figure 2.22 represents the BSE images of the deformation features that appear 

during HPT processing of Z6. Figure 2.22 (a) and (b) shows the deformation microstructure 

corresponding to a shear strain of 11.78. The microstructure shown in Fig. 2.22 (a) has lots 

of shear bands (SB) angled around 60° with compression direction “z”. Figure 2.22 (b) 

shows the microstructure at a higher magnification. A shear band (SB) is highlighted with a 

light blue dashed line. The deformation bands (DB) and deformation twins (DT) are 

highlighted by a yellow lines and dashed orange curved lines. The microstructure shows that 

the shear band (SB) passes through the deformation band (DB) and the deformation twins 

(DT) are formed across the deformation band (DB) near a region of thin deformation bands 

(DBthin) highlighted by dashed red lines.  

 Figure 2.22 (c) and (d) shows the deformation microstructure corresponding to a 

shear strain of 117.81. Figure 2.22 (d) shows the microstructure at a higher magnification. 

The deformation feature were mainly the small narrow deformation bands highlighted by 

red dashed lines. These narrow deformation bands were homogenously present in the 

deformed microstructure. To confirm the presence of narrow deformation bands a TEM 

observation was also done on the deformed microstructure. 
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Figure 2.22 | BSE images of the HPT processed microstructures of Z6 at various shear 

strain showing the deformation microstructure. BSE image of HPT processed 

microstructure of Z6 at the shear strain of (a) 11.78, (b) 11.78, (c) 117.81 and (d) 117.81. 

The microstructure shown in (b) and (d) are higher magnification of microstructure shown 

in (a) and (d) respectively. (a) Deformed microstructure having shear bands (SB). (b) 

Deformed microstructure showing shear bands, deformation bands (DB) and deformation 

twins (DT). (c) Deformed microstructure having elongated grains. (d) Deformed 

microstructure having narrow deformation bands. The compression direction and shearing 

direction in the HPT process are indicated by z and θ respectively. 
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 Figure 2.23 shows the TEM image of HPT processed Z6 at a shear strain of 117.81. 

The TEM observation was done from the r direction of the disk. The shear strain 

corresponds to steady state region in the hardness plot shown in Fig. 2.19 (b). The TEM 

image shows lamellar structure or narrow deformation bands of thickness below 200 nm.  

 It can be concluded from the above results that Z6 is deformed by the shear banding 

during HPT. At the lower shear strain, the deformation bands (DB) and deformation twins 

(DT) are formed in the microstructure. The deformation twins can be formed across the 

deformation bands (DB) with increasing shear strain. These deformation twins induce 

thinner deformation bands (DBthin) inside the deformation band (DB), which can initiate the 

shearing of deformation band (DB) and the formation of shear band (SB). Therefore, the 

shear bands (SB) are composed of narrow deformation bands. As the shear strain is 

increased the shear band continues to form until the whole microstructure is deformed upto 

narrow deformation band.  
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Figure 2.23 | TEM image of the microstructure of Z6 HPT processed to a shearing strain of 

117.81 showing the narrow deformation bands. Observed from the r direction of the disk 

specimen. 

 

2.3.4 HPT processing of ZK60 

 Figure 2.24 shows the Vickers hardness plots for HPT processed ZK60. Figure 2.24 

(a) shows the plot of hardness variation along the radial distance of HPT processed disk. 

The hardness curve after 90° and 180° rotations shows an increase in the hardness value 

from the centre to the edge of the disk.  The hardness values after 360° and 1800° rotations 

shows first increase from the centre to the mid-radius and then slightly drops near the edge. 

The hardness curve after 360° rotation shows almost the highest hardness values then all 

other rotations. The hardness of starting microstructure was 68 HV shown by dashed line. 
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Figure 2.24 | Vickers microindentation hardness plots of the HPT processed ZK60. (a) 

Vickers hardness plots showing the variation of average hardness values at the various 

radial positions in the disks of ZK60 HPT processed disk by various rotations. (b) Vickers 

hardness plot showing the variation of hardness values of ZK60 as the function of shear 

strain imposed in HPT processing of ZK60. The disks were HPT processed at a compressive 

stress of 6 GPa with a rotational speed of 0.2 rpm at a room temperature. The hardness plot 

(b) shows an increase in hardness value with increasing shear strain followed by a slight 

drop at initial strains conditions. 
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 Figure 2.24 (b) shows the plot of hardness variation with increasing the shear strain 

during HPT processing. The hardness curve shows an increase in the hardness value with 

increasing the shear strain up to a peak followed by slight drop and an approximate steady 

state. The drop in the hardness curve after the peak is an evidence of the occurrence of a 

softening phenomenon in ZK60 during HPT processing. This peak in the hardness curve is 

less sharp than in that of Mg shown in Fig. 2.9 (b).  

   

 

Figure 2.25 | Vickers hardness plot showing the positions (b)-(f) with various shear 

strain values where the microstructures are observed in the HPT processed ZK60. The 

shear strains at the position (b)-(f) are, (b) 5.89, (c) 11.78, (d) 15.71, (e) 31.42, and (f) 

117.81 for which the BSE observations are done on the HPT processed ZK60 as shown in 

Fig. 2.26. 
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 Figure 2.25 shows the hardness plot indicating the positions (b)-(f) of various shear 

strains where the BSE observations are done to understand the microstructure evolution of 

ZK60 during HPT processing. The important shear strains are (d: γ=15.71) and (e: γ=31.42) 

for understanding the microstructure evolution around the hardness peak.  

 Figure 2.26 shows the BSE images of the microstructures of the HPT processed 

ZK60 specimen at various shear strains. The BSE observations were done on the cross-

section of HPT processed disk as illustrated in the previous section 2.2.5. Figure 2.26 (a) 

shows the starting microstructure of ZK60 with the grain size of 50 µm and flower-like 

morphology. The flower like morphology was composed of precipitate rich zones (PRZ) 

and precipitate deficient zones (PDZ). Figure 2.26 (b) corresponding to a shear strain of 

5.89 shows the microstructure consists of elongated PRZ and small shearing. Figure 2.26 (c) 

corresponding to a shear strain of 11.78 shows the microstructure with elongated PRZ and 

increased shearing.  

 Figure 2.26 (d) and Fig. 2.26 (e) corresponding to a shear strain of 15.71 and 31.42 

respectively shows the microstructure with lot of shearing and complicated plastic flow. 

Figure 2.26 (f) corresponding to a shear strain of 117.81 shows microstructure which large 

shearing and the elongated PRZ. The elongated PRZ corresponds to less deformed regions 

where as the shearing corresponds to more deformed region. The microstructure has 

heterogeneous deformation irrespective of shear strain.  
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Figure 2.26 | BSE images showing the microstructure evolution of ZK60 with increasing the shear strain during HPT processing. BSE images 

of the HPT processed ZK60 at the shear strain of (a) 0 (corresponds to the starting microstructure (SM)), (b) 5.89, (c) 11.78, (d) 15.71, (e) 31.42 and 

(f) 117.81 are shown.  The compression direction and shearing direction during HPT process are indicated by z and θ respectively. 
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 Figure 2.27 represent the BSE images of the microstructural features that occur at 

various shear strains during HPT processing of ZK60.  Figure 2.27 (a) and Fig. 2.27 (b) 

shows the microstructure corresponding to a shear strain of 5.89. Figure 2.27 (a) shows 

microstructure having deformation bands in the precipitate rich zones (PRZ) and the 

precipitates deficient zones (PDZ). Figure 2.27 (b) shows the microstructure having of shear 

bands (SB) in PDZ. The shear bands looks similar to thoes found in HPT processed 

microstructure of Z6. 

 Figure 2.27 (c) and (d) shows the microstructure corresponding to a shear strain of 

15.71. Figure 2.27 (c) shows microstructure having of lots of shearing. Figure 2.27 (d) 

shows presences of very small dark contrast area, which have in equiaxed shape. The 

equiaxed shape is the indication of dynamically recrystallized (DRX) grain as discussed in 

case of pure magnesium in section 2.3.2 . These kind of contrast was present both zones 

PRZ and PDZ in the microstructure.  

 Figure 2.27 (e) and Fig. 2.27 (f) shows the microstructure corresponding to a shear 

strain of 117.81. Figure 2.27 (e) also shows microstructure having lots of shearing. Figure 

2.27 (f) also shows the similar equiaxed contrast in PDZ and PRZ. To confirm the equiaxed 

grains a TEM observation was also done on the deformed microstructure. 

 Figure 2.28 shows the TEM images of the HPT processed ZK60 at various shear 

strain. Figure 2.28 (a) and (b) is the TEM image of microstructure at the peak strain of 

23.56. Figure 2.28 (a) shows a deformation band in precipitate rich zone (PRZ). Figure 2.28 

(b) shows a fragmented deformation band in a precipitate deficient zone (PDZ). These 

fragmented part of deformation band can grow into DRX grain. Figure 2.28 (c) and (d) 

shows equiaxed DRX grains at both PRZ and PDZ. Figure 2.28 (e) shows a DRX grain 

whose grain boundary (GB) is pinned by a Mg(ZnZr)  precipitate. It can be concluded that 

the peak in hardness curve of ZK60 shown in Fig. 2.24 (b) is due to the occurrence of 

dynamic recrystallization by fragmentation of deformation band.  
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Figure 2.27 | BSE images of the HPT processed microstructures of ZK60 at various 

shear strain showing the deformation features. BSE images of HPT processed 

microstructure of ZK60 at the shear strain of (a) 5.89, (b) 5.89, (c) 15.71, (d) 15.71, (e) 

117.81, and (f) 117.81 are shown. (a) Deformed microstructure having deformation bands 

(DB). (b) Deformed microstructure having shear bands (SB). (c) Deformed microstructure 

having shearing. (d) Deformed microstructure having equiaxed grains. (e) Deformed 

microstructure having shearing and complicated plastic flow. (e) Deformed microstructure 

having equiaxed grains. The compression direction and shearing direction during HPT 

process are indicated by z and θ respectively. 
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Figure 2.28 | TEM images showing the microstructure of HPT processed ZK60 at various shear strains. TEM images of the HPT processed 

magnesium alloy ZK60 at the shear strain of (a) 23.56 , (b) 23.56 , (c) 117.8, (d) 117.8, and (e) 117.8 are shown. (a) Deformed microstructure having 

deformation bands. (b) Deformed microstructure having fragmented band. (c) Dynamically recrystallized microstructure having equiaxed grains at 

PRZ (d) Dynamically recrystallized microstructure having equiaxed grains at PDZ (e) Dynamically recrystallized microstructure having grain 

boundary (GB) pinning. PRZ indicate precipitate rich zone and PDZ indicate precipitate deficient zone.  
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2.4 Discussion 

 A schematic illustration of the microstructure evolution in pure Mg during HPT is 

shown in Fig. 2.29. An initial grain is shown in Fig. 2.29 (a). As the shear strain increases, 

the grain is deformed and deformation twins and sub grains form within the grain by 

rearrangement of dislocations as shown in Fig. 2.29 (b). With increasing the shear strain, 

such sub-grains divide the original grains and misorientation of some sub-boundaries 

(geometrically necessary boundaries: GNBs) increases, as shown in Fig. 2.29(c).  After a 

large strain, small regions surrounded by high-angle grain boundaries can be form within the 

microstructure, and the high-angle boundaries have large mobility compared to low-angle 

grain boundaries (Fig.2.29 (d)). Once dislocation density within a small sub-grain 

surrounded by high-angle boundaries becomes lower than surroundings by a certain 

phenomenon such as recovery, the small sub-grain can be the nucleus of recrystallization 

(Fig.2.29 (e)). If the growth of such potential nuclei happens during deformation, it is the 

dynamic recrystallization observed in the present pure magnesium heavily deformed by 

HPT.   
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Figure 2.29 | Schematic representation of the microstructure evolution process in pure 

Mg during the HPT deformation.  (a) shows an initial undeformed grain, while (b), (c), 

(d) and (e) show evolution of microstructures within the initial grain with increase of shear 

strain during HPT processing of pure Mg. (b) shows the rearrangement of dislocation and 

formation of sub grains. (c) show the formation of sub-grains and lamellar deformation 

structures. (d) and (e) show the occurrence of dynamic recrystallization in the deformed 

microstructure.   

 

   

 



 

	 59	

 

Figure 2.30 | Schematic illustrations of the microstructure evolution process in Z6 

during the HPT deformation. (a) shows an initial undeformed grain, while (b), (c), (d) and 

show deformation of the grain with an increase of shear strain during HPT processing of Z6. 

(b) shows the deformed grain with the deformation band (DB) and deformation twin (DT). 

The thin deformation bands are induced by the deformation twin (DT) formed across 

deformation bands (DB). (c) show deformed grain with the formation of shear bands (SB). 

(d) shows an increase of the number of shear bands, and eventually narrow deformation 

bands are formed in the Z6 alloy during HPT deformation.  

 

 A schematic illustration of the microstructure evolution in Z6 during HPT is shown 

in Fig. 2.30. An initial grain is shown in Fig. 2.30 (a). As the shear strain increases the grain 
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is deformed by deformation twinning as well as dislocation slips, as illustrated in Fig. 2.30 

(b). The slips form the deformation band structures in the grains. With increasing the shear 

strain, twin forms across the deformation bands and twin boundaries may act as stress 

concentration sites which induce thin deformation bands that can initiate the shear banding, 

as shown in Fig. 2.30 (c). Quite large shear deformation is localized within the narrow shear 

bands (SB). With the increase of the shear strain, the density of shear bands increases, and a 

fine deformation microstructure composed of nano-meter sized lamellar boundaries is 

formed rather homogeneously within the materials (Z6 alloy) as shown in Fig 2.30 (d). 

Unlike pure Mg, the Z6 shows no dynamic recrystallization during HPT deformation. This 

can be due to presence of Zn in the solid solution of Z6 alloy, which can inhibit the dynamic 

recrystallization by reducing the mobility of dislocations during HPT deformation.  

 A schematic illustration of the microstructure evolution in ZK60 during HPT is 

shown in Fig. 2.31. An initial grain is shown in Fig. 2.31 (a). As the shear strain increases 

the grain is deformed by deformation bands formed by dislocation slips and deformation 

twinning as illustrated in Fig. 2.31 (b). With increasing the shear strain, twin forms across 

the deformation bands and twin boundaries may act as stress concentration sites which 

induce shear banding similar to HPT deformed Z6, as shown in Fig. 2.31 (c). The shear 

bands is composed of narrow deformation bonds and as the shear strain is increased such 

bands fragments into smaller structures as shown in Fig. 2.31 (d). This smaller structure can  

have limited growth due to deficiency of Zn in the alloy matrix with increasing shear strain 

shown in Fig. 2.31 (e). At the higher level of strain the shearing is induced in the matrix due 

to the material incompatibility arises by the inhomogeneous distribution of precipitates. 
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Figure 2.31 | Schematic illustrations of the microstructure evolution process in ZK60 

during the HPT deformation. (a) shows an initial undeformed grain, while (b), (c), (d) and 

(e) show deformation of the grain with an increase of shear strain during HPT processing of 

ZK60. (b) shows the deformed grain with the deformation band (DB) and deformation twin 

(DT). (c) show deformed grain with the formation of shear bands (SB). (d) shows an 

fragmentations of a deformation band inside a shear band. (e) shows the limited growth of 

the grains from fragmented band.  

 

 Figure 2.32 summarizes the hardness behavior in pure Mg, Z6 and ZK60. The 

hardness behavior of pure Mg, Z6 and ZK60 are quite different from each other. The 

hardness values for each material are plotted against the shear strain. The hardness curve of 

pure Mg shows an initial increase in the hardness values with the increasing shear strain. 

This is a typical strain-hardening phenomenon resulting from an increase in the dislocation 
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density. This is followed by the formation of a peak due to the drop in hardness value. This 

drop is caused by the occurrence of dynamic recrystallization, which reduces the dislocation 

density by forming new grains, which are relatively strain free.  The increase of the fraction 

of dynamically recrystallized grains leads to a further decrease in hardness. As the shear 

strain is further increased hardness curve achieve a steady-state, where an equilibrium is 

reached between strain hardening and softening by dynamic recrystallization, which 

maintains a constant hardness even with increasing the shear strain. The occurrence of 

dynamic recrystallization in pure magnesium during HPT was also reported previously [11].  

Therefore, pure Mg can have dynamic recrystallization even at room temperature when it’s 

deformed by HPT. 

 The pure Mg has highly mobile dislocations because of their high stacking fault 

energy. The high pressure during HPT processing may also further enhance the dislocation 

mobility. This easy rearrangement of dislocations in pure magnesium helps in making 

potential nuclei for dynamic recrystallization during HPT. 

 The hardness curve of Z6 (Mg-Zn alloy) is completely different then that of pure 

magnesium. The Z6 don't have any peak in the hardness curve. The hardness value initially 

increases and attains an approximate steady-state value with the increasing shear strain. The 

initial increase in the hardness value is because of the strain hardening. This occurs due to 

the formation of deformation bands, twins and shear bands in the microstructure. The Z6 

also shows no dynamic recrystallization during HPT.  

 This implies that the Zn in Z6 solid solution can inhibit dynamic recrystallization. 

The Zn in solid solution can reduce the mobility of dislocations to avoid any rearrangement. 

Interestingly, the hardness curve of Z6 also attains a steady value, which can only be 

achieved when strain hardening will have equilibrium with a dynamic restoration 

phenomena. The dynamic restoration phenomena other than dynamic recrystallization is 

dynamic recovery. Therefore at steady-state of hardness value the Z6 has dynamic recovery 
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in the narrow deformation bands during HPT deformation. Therefore, the Z6 is HPT 

deformed by shear banding and maintained steady state by dynamic recovery. 

 The hardness curve of ZK60 shows the formation of a peak with the increasing 

shear strain. The formation of peak is due to the occurrence of dynamic recrystallization. 

The dynamically recrystallized grains are formed by the fragmentation of deformation bands 

and growth, but their growth is limited due to the pinning of grain boundary by the 

precipitates. The reason for the occurrence of  dynamic recrystallization is because of 

diffusion of Zn from matrix to form precipitates in ZK60. This reduces the Zn from the 

alloy matrix and the fragmented grains can have a grain growth. The ZK60 has 

inhomogeneous precipitates distribution, which forms precipitates rich zone (PRZ) and 

precipitates deficient zone (PDZ). The PRZ can be harder then PDZ because of precipitates. 

These causes a material incompatibility during large strain deformation during HPT and 

results in lots of shearing and inhomogeneous deformation. Therefore ZK60 shows limited 

dynamic recrystallization and lot of shearing during HPT deformation.  
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Figure 2.32 | Vickers hardness plot comparing the hardness changes in pure Mg, Z6 

and ZK60.  Changes in Vickers hardness of the HPT processed Mg, Z6 and ZK60, plotted 

as a function of shear strain.   
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2.5 Summary and conclusions 

 The microstructure evolution and hardness behavior during HPT deformation 

of pure magnesium and magnesium alloys Z6 and ZK60 was investigated in order to 

understand the grain refinement mechanisms. The main results are summarized as 

follows: 

1. The pure magnesium shows the occurrence of dynamic recrystallization even 

at room temperature when deformed by HPT. The mechanism for dynamic 

recrystallization was the formation of sub-grains and growth. The sub-grain 

formation was achieved by the rearrangement of dislocations. 

2.  The magnesium alloy Z6 shows the shear banding when deformed by HPT. 

There was no dynamic recrystallization occurred during deformation. The 

shear bands originated from the deformation twins and deformation bands.    

The final microstructure consists of narrow deformation bands of thickness 

below 200 nm 

3. The magnesium alloy ZK60 also shows the occurrence of limited dynamic 

recrystallization at room temperature when deformed by HPT. The 

mechanism for dynamic recrystallization was the formation grains from the 

narrow fragmented bands and growth. The grain growth was limited because 

of Zn and Mg(ZnZr) precipitates in the ZK60 matrix. The ZK60 has 

inhomogeneous precipitate distribution which causes shearing during HPT 

deformation at higher shear strain.  
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Chapter 3 
 

Mechanical Properties of HPT Processed 
Magnesium and Magnesium Alloys 
 
 Magnesium has Hexagonal Closed Pack (HCP) crystal structure where deformation 

modes are basically limited to basal slips and deformation twins at room temperature. This 

causes low yield strength and ductility at room temperature in magnesium alloys due to 

limited number of independent slip systems. The reduction in grain size can delay or ease 

the activations of different deformation modes of magnesium, which would affect strength 

and ductility in magnesium alloys. There are reports of the activation of <c+a> pyramidal 

slip system at room temperature in fine-grained magnesium alloys, which gives a scope for 

the improvement of ductility in magnesium alloys. The objective of the present chapter is to 

investigate the mechanical behavior of HPT processed and annealed magnesium and 

magnesium alloys Z6 and ZK60 having various grain sizes. 

 The pure Mg, Z6 and ZK60 specimens having various grain sizes were fabricated 

by HPT deformation and subsequent annealing. It was found that the as-HPT processed pure 

magnesium showed a large elongation in contrast to the annealed specimens, whereas the 

as-HPT processed Z6 and ZK60 showed high strength but very limited tensile elongation. A 

discontinuous yielding behavior was observed in the fine-grained pure magnesium. The 

fine-grained ZK60 showed a good combination of strength and ductility.  
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3.1 Introduction 

 The mechanical behavior of a polycrystalline metallic material depends on its grain 

size. Grain refinement is one of the strengthening techniques that can be used to improve the 

mechanical properties of metallic materials. The mechanical properties in FCC and BCC 

crystal systems show an increase in yield strength at the expense of tensile ductility at room 

temperature when the grain size is extremely reduced down to sub-micrometer scales [1]. 

The change in the grain size may have a different effect in magnesium and magnesium 

alloys because of their HCP crystal structure. The grain refinement achieved through severe 

plastic deformation processes has showed a significant increase in strength in magnesium 

alloys [2-5]. The superplasticity [6-10] has also been reported in some fine-grained 

magnesium alloys. 

 However a systematic study on the effect of grain size on mechanical properties is 

still missing in pure magnesium and many magnesium alloys. It is expected that grain 

refinement might activate non-basal slips at room temperature [11]. The objective of the 

present chapter is to fabricate the pre magnesium and magnesium alloys having various fine 

grain sizes and to understand the effect of the grain size on the mechanical properties of 

magnesium and magnesium alloys.  
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3.2 Experimental procedure 

3.2.1 Materials 

 The materials studied were pure Mg  (99.9wt%), Z6 (Mg-6.35wt%Zn) alloy and 

ZK60 (Mg-5.8wt%Zn-0.65wt%Zr) alloy. The elemental composition of these materials is 

given in the section 2.2.1 of Chapter 2. These materials were severely deformed up to a 

large strain by HPT processing as described in Chapter 2. The HPT processing conditions 

were 6 GPa of the pressure and the rotation speed of 0.2 rpm at room temperature. The 

specimens were processed up to five rotations (corresponding to the maximum shear strain 

of 196.34 at the disk edge) for pure magnesium and Z6. The ZK60 was processed up to one 

rotation (corresponding to the maximum shear strain of 39.26 at the disk edge).  

 

3.2.2 Annealing 

  Annealing of HPT processed disks of magnesium and magnesium alloys (Z6 and 

ZK60) was done at various temperatures ranging from 250 °C to 450 °C for different time 

durations from 3 s to 1.8 ks. Annealing was done to fabricate various grain sizes in these 

materials. The annealing was conducted in an oil bath furnace for temperatures below 300 

°C and a salt bath furnace for temperatures above 300 °C. The oil and salt bath furnaces 

were used to ensure quick and isothermal heating of the specimens using their relatively 

lower temperature gradient. After the heat treatment, the specimens were immediately water 

quenched. 

 

3.2.3 Tensile test 

 Tensile tests were conducted on the HPT processed specimens after fabricating 

different grain sizes by annealing. Figure 3.1 (a) shows the position in the HPT and 

annealed disk samples from which the tensile specimens  were cut. The width center of the 

tensile specimens coincides with the radial distance of 3.0 mm from the disk center.  Figure 
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3.1 (b) shows the tensile direction of the specimens that is perpendicular to the compressive 

direction in the HPT process.  The tensile specimens had a gauge length of 2mm, width of 1 

mm and thickness of 0.5 mm.  The curvature radius between the grip and the gauge part was 

1mm. The surface of the tensile specimens were polished by buffing.  As the size of the 

tensile specimens was small a specially designed set of jigs was used for the tensile test. The 

jig helped maintaining the proper grip and alignment of the small tensile specimens on the 

testing machine. A CCD camera and image analysis software (Digital Image Correlation 

(DIC)) were used to measure the displacement of the tensile samples precisely.  The tensile 

tests were conducted at a strain rate of 1 × 10-3 s-1 at room temperature. 
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Figure 3.1 | (a) Illustration of the HPT disk having  5 mm radius, showing the position from 

which the tensile specimens  were cut. The width center of the tensile specimens coincides 

with the  distance of 3.0 mm from the disk center.  z, θ and r are the compressive, shear and 

radial direction in HPT, respectively. (b) Illustration of the tensile specimen with the 

dimensions and the tensile direction. 

  

3.2.4 Microstructural characterization by BSE and EBSD 

 The BSE and EBSD observation were done on cross sections of the HPT processed 

disks shown in the section 2.2.5 of Chapter 2. The microstructures were observed at the 

radial distance of 3 mm in the annealed HPT disks, which coincides the gage center of the 

tensile specimens shown in Fig. 3.1. The mean grain size was measured by a the linear 

intercept method by drawing 40 lines on microstructures. The sample preparation technique 

was similar to that described in the section 2.2.5. 
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3.3 Results 

3.3.1 Fabrication of various grain sizes by annealing in pure magnesium 

  Figure 3.2 shows EBSD IPF maps indicating crystallographic orientation along the 

compressive direction (z) in the HPT disk deformed up to five rotations and annealed at 250 

°C for 3s. The observation was done on the surface of the disk at various radial positions, 1 

mm, 2 mm, 3mm, 4 mm and 5 mm from the center of the disk, corresponding to Fig. 3.2 (a), 

(b), (c), (d) and (e), respectively.   

  The disk shows almost similar grain size and similar texture indicated by red color 

of grains. The IP maps reveals that the specimens are basal textured along the compressive 

direction of HPT. The similar grain size is due to structural homogeneity achieved in HPT 

disk, which is processed to higher rotations.  

  The occurrence of dynamic recrystallization helps in achieving structural 

homogeneity at expense of development of high basal texture along compressive direction 

“z”. The grains formed during dynamic recrystallization retain the basal texture during the 

deformation. The annealing of sample further enhances the basal texture. 
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 Figure 3.2 | z || IPF map of  annealed HPT processed specimen of pure magnesium.  (a) 

IPF map of HPT processed magnesium annealed at 250 °C for 3s at the location of (a) 1 

mm, (b) 2 mm, (c) 3 mm, (d) 4 mm, and (e) 5 mm with average grain size of 2.4 µm, 2.8 

µm, 2.3 µm, 2.6 µm and 2.5 µm respectively. The shear strain at each location during HPT 

processing before heat treatment is given as 39.27, 78.54, 117.81 157.08 and 196.35 form at 

1 mm, 2 mm, 3 mm, 4 mm and 5 mm respectively. The observations was carried out at the 

surface of disk. 

   

  Figure 3.3 shows BSE image of HPT processed specimen and the grain boundary 

maps of HPT processed and annealed specimens are obtained from the EBSD observation. 

Figure 3.3 (a) shows the grain boundary map of HPT processed pure Mg with the average 

grain size of 1.8 µm that is processed upto one rotation. Figure 3.3 (b) shows the grain 

boundary map of HPT processed specimen up to 5 rotation then annealed at 250 °C for 3s. 
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The average grain size obtained is 2.3 µm. The IPF map shows the microtexture of these 

specimens. It shows that most crystal are aligned such that the [0001] direction is along the 

compressive direction of HPT (z), which is a characteristic of the basal texture.   

    

  

  

  

 Figure 3.3 | Microstructures of deformed and annealed HPT processed specimen of 

pure magnesium. (a) BSE image of the cross-section at the radial distance of 3 mm from 

disk centre of HPT processed disk upto 1 rotation with average grain size of 1.8 µm. (b) 

Grain boundary map and z|| IPF of HPT processed specimen upto 5 rotation and annealed at 

250 °C for 3s with the average grain size of 2.3 µm. (c) Grain boundary map and z|| IPF of 

HPT processed specimen upto 5 rotation and annealed at 300 °C for 30s with the average 

grain size of 8.7 µm. High angle grain boundaries (HAGB) are shown by black lines on the 

maps with the misorientaion angle equal to or more than 15°.  
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  Figure 3.3 (c) shows is also the grain boundary map of HPT processed specimen up 

to 5 rotation then annealed at 300 °C for 30 s. The average grain size obtained is 8.7 µm. 

The IPF map shows the micro-texture of this specimen, which is similar to the microtexture 

of specimen with finer grain size of 2.3 µm. 

 

3.3.2 Grain size effect on the mechanical properties of pure magnesium 

 Figure 3.4 shows the true stress strain curve of the HPT processed pure magnesium 

at the room temperature with the strain rate of 1 × 10-3 s-1 and the images of deformed 

samples. Figure 3.4 (a) shows the true stress – strain curves for the fully recrystallized 

specimens with average grain sizes of 2.3 µm, and 8.7 µm, and the specimen as-HPT 

processed up to 5 rotations.  

 

 

 

Figure 3.4 | True stress strain curve for HPT processed pure magnesium. (a) True 

stress-strain curves of the specimens tensile-tested at room temperature and at a strain rate 

of 1 × 10-3 s-1. The tensile tests are done on the HPT processed and annealed specimens with 

mean grain size of 2.3 µm and 8.7 µm. (b) The image of the deformed specimen for 

different conditions. 
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 It is found that the strength of the as-HPT specimen is lower than that of the 

subsequently annealed specimens while the total elongation of the as-HPT specimen is 

larger than that of the annealed specimens. This is basically due to activation of  another 

deformation mode known as Grain Boundary Sliding (GBS) [12] where grains slides over 

each other without forming any voids under a shear stress. This mode can be activated due 

increase in grain boundary fractions.  The as-HPT specimen is dynamically recrystallized 

structure with mean grain size of 1.8 µm as also shown in the previous chapter. But because 

of non-uniform distribution of grain size some grains are well below 1 µm. These grains can 

have easy activation of GBS which will enhance the elongation during deformation.  

 The 2.3 µm specimen shows higher in yield strength and ductility then the grain size 

of 8.7 µm specimen. The finer grain delay the activation if slip and twining consequently 

increases the yield strength. Figure 3.3 (b) are the images of the corresponding deformed 

samples which also shows higher elongation for HPT processed specimen.  It is also clearly 

visible that the elongation of 2.3 µm tensile specimen is also slightly higher then that of 8.7 

µm. 

 

3.3.3 Fabrication of various grain sizes by annealing in magnesium alloy Z6 

 Figure 3.5 shows the development of annealed microstructure in HPT processed 

magnesium alloy Z6. Figure 3.5 (a) shows partially recrystallized microstructure which is 

annealed at 150 °C for 1.8 ks. Figure 3.5 (b), (d) and (e) shows microstructure of annealed 

specimen at 200 °C for 600 s, 1.2 ks and 1.8 ks respectively. The microstructure is partially 

recrystallized at 600s and 1.2 ks and fully recrystallized at 1.8 ks with mean grain size of 1.8 

µm. The maximum grains show basal texture in the annealed microstructure.  

 Figure 3.5 (e), (f) and (g) shows microstructure of annealed specimen at 250 °C for 

30 s, 600 s and 1.8 ks with mean grain size of 1.8 µm, 2.6 µm and 2.6 µm respectively. The 
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microstructure is almost fully partially recrystallized at 30s but its not basal textured. This 

indicates that the HPT deformation of Z6 make crystal orientation more random while 

deformation. The dynamic recrystallization in Z6 is inhibited by the presence of Zn as 

solute. As the annealing time is increased to 600 s and 1.8 ks the microstructure some how 

attain slight basal textured due to preferential growth of the grain boundaries of basal 

oriented grains. 

 Figure 3.5 (h) and (i) shows the microstructure of annealed specimen at 300 °C for 5 

s, and 1.8 ks with mean grain size of 2.7 µm and 38 µm respectively respectively. The 

microstructure is fully recrystallized and slightly basal textured. 

 In comparison to pure magnesium, Z6 shows less basal texture after annealing. This 

is because of Zn in magnesium matrix, which inhibits the occurrence of dynamic 

recrystallization of magnesium even at high compressive stress during deformation. 
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Figure 3.5 | z || IPF map of annealed HPT processed specimen of magnesium alloy Z6. 

IPF maps showing the microstructure and microtexture at different condition of annealing. 

(a) is the IPF map for heat treatment done at 150 °C for 1.8 ks. (b), (c) and (d) are the IPF 

map for  heat treatment done at 200 °C for 600 s, 1.2 ks and  1.8 ks respectively. (e), (f) and 

(g) are the IPF map for  heat treatment done at 250 °C for 30 s, 600 s and  1.8 ks 

respectively. (h) and (i) are the IPF map for  heat treatment done at 300 °C for 5 s and  1.8 

ks respectively. The observation is done along cross-section of the disk. 

 

  Figure 3.6 shows BSE image of HPT processed specimen and the grain boundary 

maps of HPT processed and annealed specimens, which are obtained from the EBSD 

observation. Figure 3.6 (a) shows the grain boundary map of HPT processed magnesium 

alloy Z6 which shows many thin deformation bands. Figure 3.6 (b) shows the grain 
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boundary map of HPT processed specimen up to 5 rotation then annealed at 250 °C for 30 s. 

The average grain size obtained is 1.8 µm. The IPF map shows the microtexture of these 

specimens. It doenst show any preferential alignment of crystal are aligned such that along 

any direction, hence the texture is more random in this microstructure.  

 

 

Figure 3.6 | Microstructure of deformed and annealed HPT processed specimen of of 

magnesium alloy Z6. (a) BSE image of a HPT processed specimen deformed upto 1800°. 

(b) Grain boundary map and IPF of a specimen HPT processed and annealed 250 °C for 30 

s with a mean grain size of 1.8 µm. (c) Grain boundary map and IPF of a specimen HPT 

processed and annealed at 300 °C for 1.8 ks with a mean grain size of 38 µm. All sample are 

HPT processed upto five rotations under 6 GPa with a rotation speed of 0.2 rpm. The 

microstructure observation was doe along the cross section of disk. 
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  Figure 3.6 (c) shows is also the grain boundary map of HPT processed specimen up 

to 5 rotation then annealed at 300 °C for 1.8 ks. The average grain size obtained is 38 µm. 

The IPF map shows the micro-texture of this specimen, in which more grains are aligned 

toward [0001] direction making it slight basal textured. 

 

3.3.4 Grain size effect on the mechanical properties of magnesium alloy Z6 

 Figure 3.7 shows the true stress strain curve of the HPT processed magnesium Z6 at 

the room temperature with the strain rate of 1 × 10-3 s-1 . Figure 3.4  shows the true stress – 

strain curves for the  annealed specimen with average grain sizes of 1.8 µm, and 38 µm, and 

the specimen as-HPT processed up to 5 rotations. 

 It is found that the strength of the as-HPT specimen is reaches upto 234 MPa but it 

is highly brittle with elongation only to 1%. The HPT processing forms very fine 

deformation bands as shown in Figure 3.6. This deformation bands almost ceases activation 

of any deformation modes at room temperature. The annealed specimen of 1.8 µm has the 

tensile strength upto 236 MPa and total elongation of around 3%. The annealing improves 

little bit of elongation but it is still highly brittle. Additionally the presence of Zn in matrix 

inhibits dislocations or any phenomena of grain boundary sliding as shown by pure Mg. 

  In contrasts the 38 µm specimen which is very coarse grain size has shown a good 

high tensile strength of strength 357 MPa with an elongation of 23%. This shows a good 

combination strength and ductility. 
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Figure 3.7 | True stress strain curve of HPT processed magnesium alloy Z6.  True 

stress-strain curves of the specimens tensile-tested at room temperature and at a strain rate 

of 1 × 10-3 s-1.  The tensile tests are done on the HPT processed and annealed specimens 

with mean grain size of 1.8 µm and 38 µm. 

 

3.3.5 Fabrication of various grain sizes by annealing in magnesium alloy ZK60 

  Figure 3.8 shows BSE image and the grain boundary maps of HPT processed and 

annealed specimens, which are obtained from the EBSD observation. Figure 3.8 (a) and (b) 

is the BSE image and grain boundary maps of shows the grain boundary map of HPT 

processed magnesium alloy ZK60 upto one rotation and annealed at 250 °C for 30 s. The 

average grain size obtained is 2 µm.  

  The BSE image shows the formation of equiaxed grain in both PRZ and PDZ. The 

grain belongs to PDZ are having relatively larger grain size due absence of precipitates. 
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Where as the recrystallized grain in PRZ are finer since the precipitates inhibit grain 

boundary migration. 

  The IPF map shows the microtexture of these specimens. It also doesn’t also show 

any preferential alignment of crystal are aligned such that along any direction, hence the 

texture is also more random in this microstructure.  

  

 

Figure 3.8 | Microstructures of deformed and annealed HPT processed specimen of 

magnesium alloy ZK60. (a) BSE image and (b) Grain boundary map with its IPF of a 

specimen HPT processed and annealed 350 °C for 30 s with a mean grain size of 2 µm. (c) 

Grain boundary map and IPF of a specimen HPT processed and annealed at 450 °C for 1.8 

ks with a mean grain size of 5.8 µm.  All sample are HPT processed upto one rotations 

under 6 GPa with a rotation speed of 0.2 rpm. The microstructure observation was done 

along the cross section of disk. 
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  Figure 3.6 (c) shows is also the grain boundary map of HPT processed specimen up 

to one rotation then annealed at 300 °C for 1.8 ks. The average grain size obtained is 5.8 

µm. The IPF map shows the micro-texture of this specimen, in which few grains are aligned 

toward [0001] direction making it also slightly basal textured. It is again due to annealing 

which has a tendency to strengthen the basal texture in magnesium alloys. 

 

3.3.6 Grain size effect on the mechanical properties of magnesium alloy ZK60 

 Figure 3.9 shows the true stress strain curve of the HPT processed magnesium alloy 

at the room temperature with the strain rate of 1 × 10-3 s-1. It shows the true stress – strain 

curves for the annealed specimens with average grain size of 2 µm, and 5.8 µm, and the 

specimen as-HPT processed up to 1 rotation. 

 It is found that the strength of the as-HPT specimen is reaches upto 375 MPa with 

less then 2%. The HPT process make ZK60 highly brittle by introducing sheared zone 

caused due the flow instability in PRZ and PDZ. The yield strength of 2 µm specimen is 220 

MPa and the ultimate strength reaches around 315 MPa which is relatively larger for 

magnesium alloys then usual alloys. The yield strength of 5.8 µm specimen is 140 MPa and 

the ultimate strength reaches around 279 MPa. Both the specimen shows large strain 

hardening and significant elongation upto 30 % and 25 % respectively. The specimen also 

shows continues yielding unlike pure magnesium but the strain hardening is quite large in 

this alloys. The large strain hardening phenomenon can be attribute to presence of 

precipitates at PRZ since they inhibits the dislocation movement and enhance strain 

hardening. 
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Figure 3.9 | True stress strain curve of HPT processed magnesium alloy ZK60. True 

stress-strain curves of the specimens tensile-tested at room temperature and at a strain rate 

of 1 × 10-3 s-1.  The tensile tests are done on the HPT processed and annealed specimens 

with mean grain size of 2 µm and 5.8 µm. 
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3.4 Discussion  

 The HPT deformed microstructure of magnesium is quite different then that of 

magnesium alloys. The dynamically recrystallization occurs in magnesium which causes 

strong basal texture after annealing whereas in Z6 and ZK60, the Zn inhibits the dynamic 

recrystallization. Therefore during deformation the shear bands were formed which are 

composed narrow deformation bands. This deformation bands can have random orientation, 

which forms almost random texture after annealing of specimen.  

 Figure 3.10 summarizes the tensile behavior of pure Mg, Z6 and ZK60. In 

magnesium, the two annealed specimens have different kinds of stress-strain curves.  The 

specimen having the grain size of 2.3 µm specimen shows discontinuous yielding 

characterized by the yield drop, while the 8.7 µm specimen shows continuous yielding.  

Similar yielding phenomena in the ultrafine-grained materials have also been reported in 

pure Al [1], pure Cu [13], pure Ti [14,15] and its alloys [13,16] and austenitic steels [17].  

The yield stress of the 2.3 µm specimen is larger than that of the 8.7 µm specimen. The 

ultimate tensile strength of the 2.3 µm specimen is similar than that of the 8.7 µm.  On the 

other hand, the total elongation of the specimens increases with decreasing the mean grain 

size. Since its difficult to activate twinning in the fine grains therefore 2.3 µm specimen 

show a higher yield stress and discontinuous yielding due to the delayed activation of 

twinning. 

 This effect of grain refinement on the strength and elongation seems peculiar. The 

drop in yield stress and increase in elongation in as-HPT specimen is due to GBS in 

comparison to annealed specimen of 2.3 µm and 8.7 µm specimen. These kind of 

phenomena have been reported in the nanostructured metals as ‘hardening by annealing and 

softening by deformation phenomena’, which was initially explained by the effect of mobile 

dislocations in ultrafine grains [18].   
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 The HPT processed Z6 was highly brittle. The fine-grained specimen with grain 

size of 1.8 µm was also has less elongation. The higher grain boundary fraction in fine-

grained specimen was unable to initiate grain boundary sliding because of Zn in the matrix. 

The 38 µm has shown a good combination of strength and ductility.  

 The ZK60 shows larger strain hardening then pure magnesium due to precipitates in 

rich zones but sill manages to achieve comparable higher ductility then fine grained 2.3 µm  

pure magnesium.  

 

Figure 3.10 | True stress strain curve of HPT processed and annealed specimen of 

magnesium and magnesium alloy Z6 and ZK60. True stress-strain curves of the 

specimens tensile-tested at room temperature and at a strain rate of 1 × 10-3 s-1.  This figure 

summarizes the tensile behavior of magnesium and magnesium alloys 
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3.5 Summary and conclusions 

 The mechanical behavior of HPT processed and annealed, magnesium and 

magnesium alloys Z6 and ZK60 having various grain sizes were investigated. The main 

results of the chapter is summarized below. 

 

1. The minimum mean grain fabricated after HPT processing an annealing was 

2.3 µm, 2.8 µm and 2 µm in Mg, Z6 and ZK60, respectively.  

2. The as HPT deformed pure Mg specimen shows exceptionally high total 

ductility whereas the as HPT processed Z6 and ZK60 was highly brittle.  

3. In magnesium, the HPT processed specimens showed increase in the 

ultimate tensile strength and decrease in the total elongation by subsequent 

annealing. In Z6, the coarse grained specimen of 38 µm has good 

combination of strength and ductility.  

4. The fine-grained ZK60 shows good combination of strength and ductility. 

5. In magnesium the annealed specimen with a mean grain size of 2.3 µm 

showed discontinuous yielding characterized by a clear yield-drop while the 

8.7 µm specimen showed continuous yielding. In alloys the yielding was 

always continuous.  
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Chapter 4 

Hot Compression Behavior and Process 
Map Development of Magnesium alloy 
ZK60 
 
 The formability of magnesium alloys are affected by the deformation temperature 

and the strain rates. The high temperature deformation can activate non-basal slips whereas 

the optimum strain rates can initiate the dynamic restoration phenomenon like dynamic 

recrystallization. These mechanisms can improve the formability and can affect the resultant 

mechanical properties of processed magnesium alloys. The current ZK60 alloys have two 

zones termed as Precipitate Rich Zone (PRZ) and Precipitate Deficient Zone (PDZ). 

Therefore, the objective of the present chapter is to study the hot compression behavior in 

this alloy. 

 It was found that the low temperature and high strain deformation has the 

occurrence of dynamic recrystallization. The continuative equations are developed for peak 

and steady-state stress using Arrhenius term. The process maps are developed based on 

power dissipation efficiency to find out the optimum condition for formability at all strain 

levels. The PDZ and PRZ has inhomogeneous deformation during hot compression. 

Therefore instability maps were developed at all strain level based on dynamic materials 

model to identify the optimum condition of minimum flow instability during deformation. 
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4.1 Introduction 

 The formability and ductility of Mg alloys at room temperature is limited because of 

lack of availability of easy slip system. The deformation at higher temperatures enables the 

other non-basal slip system in Mg alloys that can improve formability.  

 The uniaxial hot compression is a standard fundamental process, which is used to 

understand and optimize the compressive behavior of material and subsequently can be 

applied to other hot deformation processes. But the formability can vary depending on the 

deformation process parameters.  It is controlled by various processing parameters like 

strain, strain rate and deformation temperature.  These parameters effect the deformation, 

microstructure evolution and the resultant mechanical properties of formed material also. In 

order to have good formability these process parameters need to be optimized.  

 The hot compression of Mg alloys ZK60 has been studied before but the effect of 

inhomogeneous precipitation is never considered before. The processing maps are need to 

be developed to look for optimum condition in this alloys. The effect on precipitates 

distribution of the plastic flow stability is also need to be investigated. 

 Therefore, in present chapter hot compression behavior of ZK60 is studied in order 

to investigate the optimum process parameters for the hot deformation process.  

 

4.2 Experimental procedures 

4.2.1 Materials 

 The composition of Mg alloy ZK60 used in this study is already discussed in the 

experimental section of chapter 2 (section 2.2.1). The compression specimen was made 

from the alloy as-received cast ingot of ZK60 after the homogenization at 350 °C for 48 h 

and heat treatment at 400 °C for 0.5 h. The microstructure obtained after heat treatment had 

grain size of 50 µm with flower like morphology made up of precipitate rich zone (PRZ) 

and precipitate deficient zone (PDZ) as shown Fig. 2.12 of chapter 2.  
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4.2.2 Hot-compression test 

 The hot compression test were done to understand the compressive behavior 

and to develop the processing and instability maps. The uniaxial compression test was 

done on a thermo-mechanical simulator (FUJI THERMECMASTOR-Z). The process 

diagram for the hot compression test is shown in Fig. 4.1 The specimen is cylindrical in 

shape with 8 mm in diameter and 12 mm in height as shown in Fig. 4.2 (a). 

  The specimen is homogenized and heat-treated as mentioned above before thermo-

mechanical processing. The specimen were heated at 10 °C/s to the deformation temperature 

ranging from 250 °C to 450 °C. The specimen was hold at this temperature for 60s to attain 

the temperature homogeneity. Then the specimen was deformed at several strain rate 

ranging from 10-3 s-1 to 10 s-1. The specimen was deformed upto 55% and above up to 60%. 

The deformed specimen were water quenched to room temperature. 

 

 

Figure 4.1 | Thermo-mechanical process diagram of ZK60. 
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Figure 4.2 | (a) Illustration of cylindrical specimen used for hot compression test with 

diameter 8 mm and height 12 mm. (b) Illustration of deformed sample after compression 

showing the surface used for observation. The compressive direction is along z-axis. 

 

4.2.3 Microstructural characterization by BSE, EBSD and TEM 

 The BSE, EBSD and TEM observation were done on the compressed surface of 

specimen as shown in Fig. 4.2 (b). The sample area for EBSD and BSE observation is 

prepared by colloidal silica polish as discussed in section 2.24 of chapter 2. The sample  for 

TEM is prepared by cutting a thin strip parallel to z –axis. The TEM sample TEM is already 

and section 2.25 of chapter 2 respectively.  
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4.3 Results 

4.3.1 Temperature distribution in the specimen 

 Figure 4.3 is the temperature plot measured at the different locations in the hot 

compression specimen. The temperature measurements are done at the centre and the end of 

the cylindrical specimen. The specimen is heated in the thermo-mechanical simulator with 

the heating rate of 10 °C/s upto a temperature of 450 °C then the temperature is maintained 

for 600 s and finally the specimen is cooled down at a rate of 2 °C/s. The temperature plots 

obtained shown were almost similar at both locations. This indicates that the temperature 

distribution is almost same along the specimen height, which is usually due to high thermal 

conductivity of magnesium.  

 

 

Figure 4.3 | Temperature distribution plots. Plots of the temperature at the centre and the 

end of a ZK60 cylindrical specimen heated up to 450 °C in a thermo-mechanical simulator. 
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 This confirms that the ZK60 hot compression specimen can achieve homogenous 

temperature distribution instantaneously up to 450 °C, which is the highest temperature in 

the hot compression tests discussed in this chapter.  

 

4.3.2 True stress – true strain behavior 

 Figure 4.4 is the set of true stress - true strain curves obtained after hot compression 

test at various strain rate and temperature. Figure 4.4 (a) to Fig. 4.4 (d) shows the curves 

from strain rate 10-3 s-1 to 10 s-1 respectively. Each figure shows the stress-strain curves from 

the temperature 250 °C to 450 °C. 

 

 

Figure 4.4 | Hot-compression curves of ZK60. True stress-strain curves of ZK60 samples 

compressed at true strain rate of (a) 10-3 s-1, (b) 10-1 s-1, (c) 1 s-1 and (d) 10 s-1 up to a 

nominal strain of about 55% and above upto 60% at various temperature ranging from 250 

°C to 450 °C in the thermo-mechanical simulator. 
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 The stress-strain curve changes with change in the temperature and strain rate but 

all curves have almost a similar feature, which is the formation of a stress peak. The stress is 

first increased with increasing strain up to a maximum stress due to strain hardening and 

then drops down due to the activation of some softening phenomenon like dynamic 

restoration processes.  

 The rises and drop in the stress causes the formation of peak in stress-strain curve. 

The maximum stress achieved in each stress curve is known as peak stress (σp) and the 

corresponding strain is known as peak strain (εp). As the strain is increased further a balance 

is reached with the strain hardening and softening phenomena resulting a steady stress state 

(σss).  

 The position of peak stress (σp) and steady-state stress (σss) is shown in Fig. 4.4 (b). 

The stress-peak is a usual character of dynamic recrystallization phenomena as a softening 

process occurred during the hot compression. 

 Figure 4.5 shows again the set of true stress-strain curve rearranged according to the 

variation of temperature. Figure 4.5 (a) to Fig. 4.5 (e) shows the curves for temperature 250 

°C to 450 °C respectively. Each of these figures shows curves from the strain rate of 10-3 s-1 

to 10 s-1. Figure 4.5 (f) shows the variation of peak stress with temperature at different strain 

rates. 

 The figures show that the stress curve decreases with increasing temperature and 

stress curve decreases with decreasing strain rate for same temperature. Figure 4.4 (f) shows 

that the peak stress is decreased with increasing temperature for same strain rate. It also 

shows that the peak stress is reduced with reducing strain rates. 

 These changes on stress curves by strain rate and temperature provides a motivation 

for the development of the constitutive equation among the stress, strain rate and 

temperature. 
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Figure 4.5 | Hot-compression curves of ZK60. True stress-strain curves of ZK60 samples obtained form hot-compression at the temperature of (a) 

250 °C, (b) 300 °C, (c) 350 °C, (d) 400 °C and (e) 450 °C up to a nominal strain of about 55% and above upto 60% at various strain rates ranging 

from true strain rate of 10-3 s-1 to 10 s-1 in a thermo-mechanical simulator. (f) Shows the variation of the peak stress (σp) with increasing temperature 

at various strain rates. 
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4.3.3 Constitutive analysis  

 Constitutive analysis is done to establish the relationship between the strain rate, 

temperature and stress. The constitutive equation is developed can be used for estimating the 

force needed for hot working. These equations can be developed for the peak stress, steady-

state stress and any other stress values at constant strain where the correlation need to be 

established. In the present section the relationship is developed for steady-state stress only to 

approximately calculate the associated activation energy needed to maintain the steady state.  

 

Constitutive equations for hot compression  

 The relationship between stress, strain rate and temperature is described by the 

hyperbolic sine law as expressed in equation 4.3 [1]. The equation also has an Arrhenius 

term which accounts for the activation energy (Q) of hot deformation. The equation will 

reduce to power relationship for low stress levels as expressed by equation 4.1. The equation 

will reduce to exponential relationship for high stress level as expressed by equation 4.2.  

 

 ε =  A!σ!!e!
!
!"                                          (for low stress level) (4.1) 

 ε =  A!e!"e!
!
!"                                         (for high stress level) (4.2)	

 ε =  A![sinh ασ ]!!  e!! !"                           (for all stress level) (4.3)	

where, 

ε : the true strain rate (s-1) during deformation 

σ : the true stress (MPa) for a given strain condition (peak stress, 

steady    stress or stress at any constant strain) 

T : the deformation temperature (K) 

α : the stress multiplier (= β n! )  
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Q : the apparent activation energy for hot compression (J/mol.) for 

given    strain condition 

R : the gas constant (8.314 J/mol. K) 

A (A!,A!,A!), n!, n!, β  :  the equation constants for a given 

strain         condition 

 

 The value of equation constants and activation energy depends on the strain 

conditions where the stress values are selected for establishing the correlation. The 

activation energy for hot deformation doesn't represent the activation energy for atomic 

mechanism, but it can gives an estimation that how the stress will rise within temperature 

range of hot deformation [2].  

 The effect of strain rate and temperature on the flow behavior can also be quantified 

with the help of Zener-Hollomon (Z) parameter as described by equation 4.4 [3]. The Zener-

Hollomon parameter formed by combining strain rate and temperature also sometimes 

referred as the temperature-corrected strain rate.  

 

 Z =  ε e! !" (4.4) 

   

Therefore, the constituvtve equation can also be rewritten as follow: 

 

 Z = Af(σ) (4.5) 

 f(σ) =   σ!!                                                    (for low stress level) (4.6) 

 f(σ) =   e!"                                                   (for high stress level) (4.7)	

 f(σ) =  [sinh ασ ]!!                                       (for all stress level) (4.8)	
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Development of constitutive equation for steady-state stress (σss)  

 The constitutive equation for steady-state stress (σss) is developed with help of from 

equations 4.9 to 4.11. The steady-state stress belongs to the true strain of 0.8 in the hot 

compression curves. These equations are as follows: 

 

 ε = A!σ!!!!e!
!
!" (4.9) 

 ε =  A!e!!!!e!
!
!" (4.10)	

 ε =  A![sinh ασ!! ]!!  e!! !"    (4.11)	

  

 To calculate the value of constants the equations are further simplified by taking 

natural logarithmic of both side of equation 4.9 and 4.10. The equations are described as 

follows: 

 

 ln ε =  ln A! + n! lnσ!! −
Q
RT (4.12) 

 ln ε =  ln A! + βσ!! −
Q
RT (4.13)	

  

 Figure 4.6 (a) is the plot of ln ε −  ln σ!! fitted with linear curve to estimate the 

value of n! and Fig. 4.6 (b) is the plot of ln ε − σ!! is fitted with linear curve to estimate the 

value of β. The average value of n! and β are estimated using equation 4.14 and 4.15 

respectively. Using the average value of n! and β the stress multiplier value (α) is calculated 

using the equation 4.16.  
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 n! =
∂ln ε
∂ln σ!! !

 
(4.14) 

 β = ∂ln ε
∂σ!! !

 
(4.15)	

 α = β
n!

 (4.16) 

   

The average value of the n! is 7.9, β is 0.16, and α is 0.0197. 
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Figure 4.6 | Relationship between steady-state stress (σss) and strain rate (!).  (a) Plot of 

linear fit curves between ln (σss) and ln (!) for various temprature ranging from 250 °C to 

450 °C and (b) Plot of linear fit curves between σss and ln (!) for various temprature ranging 

from 250 °C to 450 °C. n1 and β are the constant used in constituve equations.  
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 The activation energy (Q) is calculated from equation 4.11. This equation is 

simplified by taking natural logarithmic on both side of the equation as expressed in 

equation 4.17. The value of activation energy (Q) is the product of change in the value of 

ln ε  per ln sinh(ασ!!) at constant temperature and change in value of ln sinh(ασ!!) per 

(1 T) at constant strain rate multiplied with gas constant (R) as expressed in equation 4.19. 

For simplification in calculation the equation 4.18 in rewritten as equation 4.19 and where 

the term S1 and S2 are expressed by equation 4.20 and 4.21. 

 

 ln ε =  ln A! +  n! ln sinh ασ!! − Q
RT (4.17) 

 Q = ∂ln ε
∂ln sinh(ασ!!) !

∂ln sinh(ασ!!)
∂ (1 T) !

 R 
(4.18)	

 Q =  S! S! R (4.19) 

 S! =
∂ln ε

∂ln sinh(ασ!!) !
 

(4.20) 

 S! =
∂ln sinh(ασ!!)

∂(1 T) !
 

(4.21) 

   

 Figure 4.7 (a) is the plot of ln ε −  ln sinh(ασ!!) fitted with linear curve to estimate 

the value of S! and Fig. 4.7 (b) is the plot of (1 T) − ln sinh(ασ!!)  fitted with linear curve 

to estimate the value of S!. The average value of S! and S! are estimated using equation 

4.20 and 4.21 respectively. The calculated average value of the S! is 5.5, S! is 3.4, and the 

calculated average value of activation energy is Qavg is 155.472 KJ/mol. 
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Figure 4.7 | Relationship between steady-state stress (σss), strain rate (!) and 

temperature (T). (a) Plot of linear fit curves between ln (sinh(ασss)) and ln (!) for various 

temperature ranging from 250 °C to 450 °C and (b) Plot of linear fit curves between ln 

(sinh(ασss)) and 1000/T for various strain rates ranging from 10 s-1 to 10-3 s-1. α is the 

constant obained from the ratio of n1 and β (α = βavg / n1 avg). S1 and S2 are the slopes used 

for calculating the activation energy for hot defromation during steady state. 
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 Figure 4.8 (a) shows the change in activation energy with the temperature. The 

activation energy vary between 133 KJ/mol. to 178 KJ/mol. with change in temperature. 

The variation in activation energy is fitted with a cubic curve as shown in this figure.  

 To estimate the constant A! and n! the sine hyperbolic equation is used with Zener-

Hollomon parameter is used as expressed in equation 4.22. The simplified equation is 

rewritten by  taking natural logarithm on both side of equation. The n!value is estimated by 

using equation 4.24 and A! value is estimated by equation 4.23. 

 

 Z =  A![sinh ασ!! ]!! (4.22) 

 ln Z =  ln A! + n! ln[sinh ασ!! ] (4.23)	

 n! =
∂ln[sinh ασ!! ]

∂ln Z  (4.24) 

  

 Figure 4.8 (b) is the plot of ln Z −  ln sinh(ασ!!) fitted with linear curve to estimate 

the  

value of n! and A! . The values of Z are calculated using equation 4.4 with activation 

energy 155.472 KJ/mol. at a specific strain rate and temperature. The corresponding values 

of ln sinh(ασ!!) at these strain rate are temperature are plotted against these value of  ln Z. 

The calculated values of n! and A! are 5.519 and 2.734 × 1011. By substituting these values 

the constitutive equation is expressed by equation 4.25 for Zener-Hollomon parameter (Z) 

and equation 4.26 for strain rate (ε). 

 

 Z =  2.734 × 10!! [sinh 0.0197σ!! ]!.!"# (4.25) 

 ε =  2.734 × 10!! [sinh 0.0197σ!! ]!.!"# e
!!""#$!.!
!.!"#$     (4.26) 
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Figure 4.8 | (a) Plot of activation energy calculated for steaty state deformation against the 

tempertaure. The points are fitted with cubic curve whoes equation is shown in the figure.  

(b) Plot of linear fit curve between ln (sinh(ασss)) and ln Z . The n!and A! values used in 

constitutive equations are estimated from the linear curve. 
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Development of constitutive equation for peak stress (σp)  

 The constitutive equation for peak stress (σp) is developed using equations 4.9 to 

4.11. The value of critical strain will be different but it will be a dependent parameter. The 

values of critical strain will depend on the strain rate and temperature. Henceforth the peak 

stress can be correlated directly with strain rate and temperature without accounting critical 

strain values. To calculate the value of constants and parameters these equations are 

simplified by taking natural logarithmic on both sides of equations. The resulting equations 

are expressed below. 

 

 ln ε =  ln A! + n! lnσ! −
Q
RT (4.27) 

 ln ε =  ln A! + βσ! −
Q
RT (4.28)	

 ln ε =  ln A! +  n! ln sinh ασ! − Q
RT (4.29) 

  

 Figure 4.9 (a) is the plot of ln ε −  ln σ! fitted with linear curve to estimate the value 

of n! and figure 4.9 (b) is the plot of ln ε − σ! is fitted with linear curve to estimate the 

value of β. The average value of n! and β are estimated using equation 4.30 and 4.31 

respectively. Using the average value of n! and β the stress multiplier value (α) is calculated 

using the equation 4.31. The average value of the n! is 7.6, β is 0.102, and α is 0.0134. 

 

 n! =
∂ln ε
∂ln σ! !

 
(4.30) 

 β = ∂ln ε
∂σ! !

 
(4.31)	

 α = β
n!

 (4.32) 
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Figure 4.9 | Relationship between steady-state stress (σp) and strain rate (!).  (a) Plot of 

linear fit curves between ln (σp) and ln (!) for various temprature ranging from 250 °C to 

450 °C and (b) Plot of linear fit curves between σp and ln (!) for various temprature ranging 

from 250 °C to 450 °C. n1 and β are constant used in constituve equations.  
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 Figure 4.10 (a) is the plot of ln ε −  ln sinh(ασ!) fitted with linear curve to estimate 

the value of S! and Fig. 4.10 (b) is the plot of (1 T) − ln sinh(ασ!)  fitted with linear curve 

to estimate the value of S!. The equations used are shown below. The calculated average 

value of the S! is 5.3, S! is 3.76, and the calculated average value of activation energy is 

Qavg is 167.444 KJ/mol. 

 

 Q =  S! S! R (4.33) 

 S! =
∂ln ε

∂ln sinh(ασ!) !
 

(4.34) 

 S! =
∂ln sinh(ασ!)

∂(1 T) !
 

(4.35) 

  

 Figure 4.11 (a) shows the change in activation energy with the temperature. The 

activation energy vary between 142 KJ/mol. to 205 KJ/mol. with change in temperature. 

The variation in activation energy is fitted with a cubic curve as shown in this figure.  

 Figure 4.11 (b) is the plot of ln Z −  ln sinh(ασ!) fitted with linear curve to 

estimate the value of n! and A! . The calculated values of n! and A! are 5.288 and 2.439 × 

1012. By substituting these values the constitutive equation is expressed by equation 4.36 for 

Zener-Hollomon parameter (Z) and equation 4.37 for strain rate (ε). 

 

 Z =  2.439 × 10!" [sinh 0.0134σ! ]!.!"" (4.36) 

 ε =  2.439 × 10!" [sinh 0.0134σ! ]!.!"" e
!!"#$$%.!"
!.!"#$     (4.37) 
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Figure 4.10 | Relationship between steady-state stress (σp), strain rate (!) and 

temperature (T). (a) Plot of linear fit curves between ln (sinh(ασp)) and ln (!) for various 

temperature ranging from 250 °C to 450 °C and (b) Plot of linear fit curves between ln 

(sinh(ασp)) and 1000/T for various strain rates ranging from 10 s-1 to 10-3 s-1. S1 and S2 are 

the slopes used for calculating the activation energy for hot defromation for peak stress. 
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Figure 4.11 | (a) Plot of activation energy (Q) calculated for peak stress against the 

tempertaure (T). The points are fitted with cubic curve whoes equation is shown in the 

figure.  (b) Plot of linear fit curve between ln (sinh(ασp)) and ln Z . The n! and A! values  

used in constitutive equation are estimated from the linear curve. 
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Comparisons of constitutive equation for peak stress (σp) and steady-state stress (σss) 

 A comparison is made between the constitutive equation of peak stress (σp) and 

steady-state stress (σss).  

 Figure 4.12 (a) shows the activation energy of peak stress can increase with 

increasing temperature whereas activation energy of steady state deformation can decrease. 

The average values of activation energies are shown by dotted line. 

 Figure 4.12 (b) shows the linear curves, which represent equation 4.25 and equation 

4.36 on a natural logarithmic scale. The equations represented are expressed below. 

  

  ln sinh ασ! = 1
5.288 ln Z − 4.9799 (4.38) 

  ln sinh ασ!! = 1
5.519 ln Z −  5.1681 (4.39) 

 

 Both equations are almost parallel where the peak stress shows a better-fit then 

steady-state stress. The steady-state stress values of last value Z are little deviated in linear 

curve of steady-state stress whereas the starting value of Z shows some deviation for linear 

curve of peak stress. The liner fit curve shift little right from peak stress to steady state 

stress. 
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Figure 4.12 | (a) Plots of activation energy for peak stress (Qp) and steaty state stress (Qss) 

against the tempertaure with cubuc curve fits shown in the figure.  (b) Plots of the 

constituve equation of peak stress (σp) and steady-state stress (σss).  
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4.3.4 Development of Processing and Instability maps 

Basic theory of Dynamic Material Model (DMM) 

 The DMM [4] is the basis for generating hot compression processing maps. The 

specimen is considered as a power dissipater system. There are basically two modes of 

power dissipation during hot compression.  First, the power is be dissipated as the by doing 

work against the deformation like creating lattice defects which is lost as viscoplastic heat. 

Second, the power is dissipated by occurrence of metallurgical phenomena like phase 

transformation, dynamic recrystallization etc. The power dissipation equation at any strain 

rate is given by : 

 P = G + J (4.40) 

where, 

 P :  is the total power dissipated by specimen during hot compression 

per unit     volume; !ε 

 G :  is the content which the power dissipation against the plastic flow; 

!"!!
!   

 J :  co-content power dissipation by metallurgical phenomenon; ε ∂σ!
!   

Hence the equation 4.40 can be rewritten as 

 
σε = σ ∂ε

!

!
+ ε ∂σ

!

!
 (4.41) 

 Figure 4.13 (a) is a schematic plot of true stress and strain rate following an 

contitutive relation σ = [f (ε)] !,!. The area between the true stress axis and stress curve 

gives the value of co-content J and the area between strain rate axis and stress curve gives 

the value of content G. 

 Figure 4.13 (b) is a schematic plot of a viscous flow which represent and ideal 

plastic deformation condition. If material behaves as the viscous flow it will be highest state 

of plasticity and with maximum formability. The true stress is known to will vary lineally 
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with strain rate so that the constitute relation becomes σ = [Kε] !,!. At this condition the co-

content will be half of total power dissipated (Jmax = P/2).  

 

Figure 4.13 | (a) Scheamtic plots of true stress and strain rate for a hot defomration showing 

the area for calulation of content (G) and co-content (J) following contitutive equation 

σ = [f (ε)] !,! (b) Scheamtic plots of true stress and strain rate for a plastic flow when it 

behavious as viscous fluid following constituive equation like σ = [Kε] !,!. The co-content 

will reach to maximum value (Jmax) . 

 If the material only dissipates half of the power by plastic work it can attain the 

ideal state of plastic flow. To determine that the deformation is how near to this ideal state 

the ratio J/Jmax is estimated which is know as the efficiency of power dissipation (η).  

 η = J
J!"#

 (4.42) 

 
η = P − G

P/2  = 2 1 − 1
σε σ ∂ε

!

!
 (4.43) 
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Plastic flow instability criteria for hot compression 

 Instability criteria for the plastic flow based on continuum principle [5] is described 

by the equation as follow:  

 ∂D
∂ε <

D
ε  (4.44) 

where D is the dissipation function 

 For the case of hot compression the instability criteria is developed by taking co-

content J as the dissipation function D = J [6,7]. Therefore instability criteria is given by the 

following equation: 

 ∂J
∂ε <

J
ε    ⟹    εJ

∂J
∂ε < 1 (4.45) 

The differential value of co-content J and content G from equation from 4.41 is as follow 

 J = ε ∂σ
!

!
 ⟹  ∂J =  ε ∂σ (4.46) 

 G = σ ∂ε!
!   ⟹ ∂G = σ ∂ε (4.47) 

The power-partioning between J and G is also equal to m,  strain rate sentivity as derived 
from equation below using eqauiotn 4.46 and 4.47. 

 ∂J
∂G !,!

= ε ∂σ
σ ∂ε !,!

=  ∂lnσ∂lnε !,!
= m 

(4.48) 

 ∂J = m ∂G = m σ ∂ε (4.49) 

Substituting equation 4.49 in equation 4.45 the is rewritten as follows: 

 ε
J
m σ ∂ε
∂ε < 1   ⟹   σεJ m < 1 ⟹   PJ m < 1⟹   2J!"#J m < 1   

 2m
J
J!"#

< 1 ⟹   2mη < 1 ⟹   2mη − 1 < 0 
(4.50) 

So the derived instability criteria for the hot compression is as follow 

 ξ =   2mη − 1 < 0 (4.51) 
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 When the value of instability parameter ξ (ε) will be less then zero inhomogeneous 

the plastic flow instability arises during hot compression. 

 

Constitutive equations  

 Figure 4.14 shows the plot of true stress and stain rate (σ! − ε). The plots are from 

strain value of 0.2 to 0.8. The cubic polynomial function is used for obtaining a better fitting 

for calculations as expressed by equation 4.52. A power law is assumed for the undefined 

value from strain rate of 0 s-1 to 10-3 s-1 is expressed by equation 4.53. The black line 

denotes the curve fitting obtained by cubic polynomial function and power law for different 

ranges of the strains rates. 

 

 σ = a + b(ln !) + c (ln !)! + d (ln !)!              ε!"# ≤ ε ≤ ε!"# (4.52) 

 σ = Kε!                                                                   0 ≤ ε < ε!"# (4.53) 

 

where,  a, b, c, d, k are equation constants, m is strain rate sensitivity,  minimum strain rate, 

ε!"# = 10-3 and maximum strain rate, ε!"# = 10. 
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From equation 4.43 the power dissipation efficiency formula is as follows: 

 

 
η = 2 1 − 1

σε σ ∂ε
!

!
=  2 1 − 1

σε σ ∂ε
!!"#

!
 +  σ ∂ε

!!"#

!!"#
 

=  2 1 − 1
σε Kε! ∂ε

!!"#

!
 

+  a + b ln ! + c ln ! ! + d ln ! ! ∂ε
!!"#

!!"#
 

 

 ⇒ η =  2 1 − 1
σε ! ! !!"#

 σε
m + 1 ! ! !!"#

+   ε a − b + 2c − 6d + 6d2c + b ln ε + (c − 3d) ln ε !

+ d ln ε !
!!"#
!!"#   

 (4.54) 

 In equation 4.54 the green term represent the inverse of maximum power (P) 

calculated at maximum strain rate. The red term is calculated at the minimum strain rate. 



	 	

	 	

119	

 

 Figure 4.14 | True stress-strain rate plots. Plot of true stress-strain rate fitted with cubic polynomial functions and power law for the strain of (a) 

0.3, (b) 0.4, (c) 0.5, (d) 0.6, (e) 0.7 and (f) 0.8 for temperature ranging from 250 °C to 450 °C. These functions are used to establish the processing 

and instability maps.  
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Processing and instability maps 

 Figure 4.15 shows processing maps with iso-efficiency contour lines and flow 

instability zone shown by grey area for the true strain value ranging from 0.3 to 0.8. The 

efficiency is given as the percentage represented by the number on the contour lines. The 

counters lines gradually changes with increasing strain values. The high values of efficiency 

represent higher state of plasticity, which enable good formability during hot deformation. 

There are two domains, which have higher efficiency contour lines:  

(a) Domain 1: defined as 250 °C  < T < 300 °C and -6.9 < lnε < -5 for η > 25%. 

(b) Domain 2: defined as 350 °C  < T < 450 °C and  -6 < lnε < -2 for η  > 25%. 

 Both domains have the contour lines of higher efficiency, which also improves with 

increase in strain is ideal for processing. The domain 1 and domain 2 shows opposite 

tendencies with increasing strain. The domain 1 concentrates higher iso-efficency lines 

toward lower temperature 250 °C where as domain 2 concentrates higher iso-efficely lines 

toward higher temperature 450 °C. 

 The dissipation efficiency is generally higher for dynamic recrystallization then 

dynamic recovery [8]. Thus these domains can have higher fraction of dynamic 

recrystallization then the remaining area of maps.  
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 Figure 4.15 | Processing maps. Maps showing the contours of the efficiency of power dissipation during the deformation at true strain of  (a) 0.3, (b) 

0.4, (c) 0.5, (d) 0.6, (e) 0.7 and (f) 0.8. The maps are established for the temperature ranging 250 °C to 450 °C and strain rate ranging from 10-3 s-1 to 

10 s-1. The various numbers over the contour line represent the power dissipation efficiency in percentage. The gray areas represent the flow 

instability zones (ξ <  0). 
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 Figure 4.16 shows the instability maps with contour lines of instability parameter (ξ) 

true strain value ranging from 0.3 to 0.8. The value of ξ is given over each the contour lines 

and contour line are given for ξ  < 0 . These counters lines gradually changes with increasing 

strain values. The map show the flow instability are significantly changes up to true strain of 

0.5 after which the maps become similar for true strain of 0.6 to 0.8. The instability in 

plastic flow is caused by the inhomogeneous deformation during hot compression.  

 The instability maps from true strain of 0.6 shows that the flow instability zone 

reduces from temperature 250 °C to 350 °C and then increases from 350 °C to 450 °C. The 

flow instability is appear to be minimum at 350 °C at almost all strain rates. 

 Table 4.1 shows the deformed samples after hot compression test up to nominal 

train of 55 %. Figure 4.17 shows the location of these deformed samples on processing map 

to correspond with the deformation state. It is observed that the specimens deformed at the 

condition where the power-dissipation efficiency was less the 10% were resulted in fracture. 

This region lies mostly above the 10% contour line in processing maps. Thus it suggest that 

for this alloy the minimum power dissipation efficiency needed is more then 10%. The 

temperature 350 °C is the only temperature where the samples were successfully deformed 

at all strain rates.  

 

 



	 	

	 	

123	

 

 Figure 4.16 | Instability maps. Maps showing the contours of the instability parameter (ξ) during the deformation at true strain of  (a) 0.3, (b) 0.4, 

(c) 0.5, (d) 0.6, (e) 0.7 and (f) 0.8. The maps are established for the temperature ranging 250 °C to 450 °C and strain rate ranging from 10-3 s-1 to 10   

s-1. The various numbers over the contour line represent the value of instability parameter (ξ). The map area with negative contours value represents 

the flow instability zones. 



	 	

	
	

	
124	

 Table 4.1 | Surface condition of ZK60 compressed samples.  The images of ZK60 

compressed samples deformed up to a nominal strain (e) of 55% for strain rate 

and temperature ranging from 10-3 s-1 to 10 s-1 and 200 °C to 450 °C 

respectively. The two images belongs to each deformation condition showing the 

front and back side of the deformed samples.  

    1 

 

  

  

 Figure 4.17 | Processing map at the true strain of 0.8 where black dots showing the 

position of deformation conditions of hot compression. 
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4.3.5 Microstructure analysis 

 The microstructure observation is only done for the specimen deformed at the strain 

rate 0.1 s-1 and 1 s-1. These strain rates are selected near the boundary of flow instability 

regions to check the effect of flow instability parameter on the deformation microstructure. 

 Figure 4.18 is the set of BSE images of hot compressed specimen up to steady state 

around nominal strain of 55%. The deformation temperature and strain rate condition is 

shown in figure. The high contrast regions are Precipitate Rich Zones (PRZ) where as the 

low contrast regions are Precipitate Deficient Zones (PDZ) as discussed in section 2.3.1 of 

chapter 2. 

 The hot compressed specimen shows lamellar morphology of PRZ perpendicular to 

compressive direction z. The undeformed PRZ regions retain their flower like structure, 

which are marked by the orange colored arrows in BSE images and blue arrows highlight 

the flow localization between undeformed zones. These undeformed regions are the 

indication of inhomogeneous deformation, which are caused by plastic flow instability.  The 

instability parameter instability  (ξ) is shown for each deformation condition.  The 

negative value of ξ is shown by all specimen deformed at 1 s-1 and specimen deformed at 0.1 

s-1 
 at  the temperature of  250 °C which has many undeformed PRZ. The other specimen 

with slight positive ξ has almost homogenous lamellar deformation. 

 As shown in instability maps that flow instability is low at 350 °C almost at all 

strain rates. At this strain arte 1s-1 here also the ξ is minimum at 350 °C and BSE image is 

showing relatively low undeformed PRZ. 
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 Figure 4.18 | BSE Images of hot compressed specimens. BSE images of hot compressed specimen deformed at temperature 250 °C, 350 °C and 

450 °C with strain rate 10-1 s-1 and 1s-1. The specimen were deformed upto a nominal strain of 55%. The value of the instability parameter (ξ) is (a) -

0.21, (b) -0.10, (c) -0.17, (d) -0.28, (e) 0.07 and (f) 0.06. The orange colored arrow represents the undeformed precipitate rich zones. The blue 

colored arrow shows flow localization between undeformed zones. The axis z represent the compressive direction. 
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 Figure 4.19 | z || IPF Map of hot compressed specimens. z  || IPF maps of hot compressed specimen deformed at temperature 250 °C, 350 °C and 

450 °C with strain rate 10-1 s-1 and 1s-1 .The specimen were deformed upto a nominal strain of 55%. The axis z denotes the compressive direction. 
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Figure 4.19 is the set of IPF maps of the specimen hot compressed up to nominal strain of 

55%. The presence of equiaxed grains in the deformed microstructure indicates the 

occurrence of dynamic recrystallization at these strain rates. The red color of IPF map 

indicates that the deformed specimen is highly basal textured. The partially 

dynamicmicrostructure formed at low temperature is a necklace microstructure. The 

Dynamic Recrystallized (DRx) grain size for 250 °C is 1.6 µm, 350 °C is 2.7 µm and 450 °C 

is 5 µm at strain rate 1s-1. The dynamic recrystallized grain size for 250 °C is 1.5 µm, 350 

°C is 3.2 µm and 450 °C is 10.3 µm at strain rate 10-1 s-1. The power dissipation efficiency is 

increases with increase in DRx grain size hence the grain growth of DRx grain helps to 

improve power dissipation from specimen. 

 

 

Figure 4.20 | IQ map and BSE image. IQ map and BSE image of same observation area in 

a hot compressed specimen. The specimen was compressed upto a nominal strain of 60% 

with the strain rate of  1s-1 at temperature of 300 °C. 
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Figure 4.21 | TEM image. TEM image of a (a) precipipate defecient zone (PDZ) and (b) 

precipitate rich zone (PRZ) of a hot compressed specimen which is defromed upto a 

nominal strain of 60% with strain rate of 1s-1 at temperature of 300 °C.  
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Figure 4.20 shows an overlapped IQ map and BSE image of a same area in a hot 

compressed specimen deformed at 300 °C with strain rate of 1 s-1. The same area 

observations reveal that the DRx grains are formed at precipice deficient regions (PDZ) 

which means that necklace microstructure is caused by the inhibition of dynamic 

recrystallization at precipitate rich zone (PRZ).  

 Figure 4.21 shows the TEM images of the specimen deformed under similar 

conditions as discussed above. Figure 4.21 (a) shows an precipitate deficient zones with few 

equiaxed grains further confirm the occurrence of DRx . Figure 4.21 (b) shows a precipitate 

rich zone (PRZ) where there are no equiaxed grains is visible.  
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4.4 Discussion 

 In Fig. 4.4 the compression curves forms peak with increasing strain. This is caused 

by decreases in the stress values. It is the characteristics stress softening behavior of 

dynamic recrystallization. This is also shown in Fig. 4.19 by the necklace like 

microstructure at low deformation temperature which is formed by  equiaxed dynamically 

recrystallized grains.  

 In the ZK60 alloys the precipitate rich zone (PRZ) inhibit the occurrence of 

dynamic recrystallization by obstructing the migration of grain boundary by precipitate 

pinning, whereas in precipitates deficient zone (PDZ), the dynamic recrystallization occurs 

easily because of the lower density of precipitates. This is also shown by the TEM image in 

figure 4.21. The occurrence of dynamic recrystallization at PDZ is the main cause of the 

formation of necklace like microstructure in ZK60 after hot compression at lower 

temperatures. 

 The PRZ and PDZ are formed due to inhomogeneous precipitate distribution in 

ZK60. They will have different deformation behavior because of different precipitate 

density. The PRZ can be harder then PDZ at lower temperature but at higher temperature 

their relative hardness will quite different. This difference in relative hardness can affect the 

formability of alloy at different deformation conditions. The relative difference in hardness 

of PRZ and PDZ will the major factor for creating flow instability during compression. The 

flow instability can provide various crack nucleation site at the interface of PRZ and PDZ. 

 The instability parameter (ξ) is one of the ways to predict flow instability during hot 

compression. The instability maps shown in Fig. 4.22 has the contour lines forming a peak 

at iso-temperature line of 350 °C this indicate that the instability is lower at this 

temperature. Furthermore in Fig. 4.16 at all strain rate there either out of flow instability 

zone or has lower negative value of instabilities parameter. In Table 4.1 the 350 °C is the 

only temperature where the specimen is deformed even at higher strain rate of 10 s-1 without 
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fracture. This is because of the less flow instability at 350 °C. Figure 4.18 also show 

relatively lower value of (ξ) in negative and homogenous deformed PRZ at 350 °C at same 

strain rate. 

 

 

 

 Figure 4.22 | Instability map at the true strain of 0.8 showing the constant temperature 

line of 350 °C. 

 

 

 These observation suggest that the temperature of 350 °C is most suitable for 

compression even the power dissipation efficiency is little lower then higher temperature. 

The deficiency in power dissipation is compensated by the homogeneity of plastic flow 

during deformation. Therefore 350 °C is the optimum temperature for the compression of 

ZK60 alloy. 
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4.5 Summary and conclusions 

 The hot compression behavior of ZK60 Magnesium alloy is investigated between 

the temperature range of 250 °C to 450 °C and strain rate ranging between 10-3 s-1 to 10 s-1. 

The following conclusions were made from the hot deformation behavior. 

 

1. Hot compression curve forms peak because of the occurrence of dynamic 

recrystallization for strain rate of 10-1 s-1 and 1 s-1. The inhomogeneous distribution of 

precipitate effected the dynamic recrystallization. The minimum grain size  fabricated 

by dynamic recrystallization  was around 2 µm. 

 

2. The flow stress tends to decrease with increasing temperature and decreasing strain-rate. 

Hence a constitutive relation is developed for peak and steady-state stress:  

sinh 0.0134σ!   = 1
2.439 × 10!" ε e

!"#$$%.!"
!.!"#$

! !.!""
  

sinh 0.0197σ!!   = 1
2.734 × 10!! ε  e

!""#$!.!
!.!"#$

! !.!"#
  

 

3. The processing and instability maps were established based on dynamic material 

models. The domain for higher efficiency was found at (250 °C  < T < 300 °C ; -6.9 <  

lnε < -5) and  (350 °C  < T <  450 °C ; -6 < lnε < -2). The deformation above 

10% efficiency was also successful. 

 

4. At 350 °C the flow instability is minimum due to which specimen can be deformed at 

wide range of strain rate 10-3 s-1 to 10 s-1. This is because the difference of relative 

hardness between PRZ and PDZ is minimum. 
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Chapter 5 
 

Summary and Conclusions 
 
 
 The magnesium and magnesium alloys suffer from low ductility and formability. 

The grain refinement can help to improve mechanical properties. The severe plastic 

deformation techniques like Accumulative Roll Bonding (ARB), High Pressure Torsion  

(HPT) and Equal-Channel Angular Processing (ECAP) are widely used for the fabrication 

of fine-grained metals and alloys. They deform them to a very large plastic strain to refine 

the microstructure. The present dissertation was focused on the study of grain refinement 

mechanism during HPT in pure magnesium and magnesium alloys Z6 and ZK60. The 

deformation mechanism of alloys and their mechanical properties were investigated. A hot 

compression study was also done to find out the optimum conditions for better formability 

of magnesium alloy ZK60. The main results are summarized below. 

 In Chapter 1, the relevant background and motivation of the research was 

introduced. 

 In Chapter 2, the microstructural evolution during the HPT processing of pure 

magnesium, magnesium alloys Z6 and ZK60 were investigated. The processing was carried 

out under the pressure of 6 GPa at the room temperature with the rotational speed of 0.2 

rpm. The Vickers microhardness hardness tests were conducted on these processed samples 

to evaluate the amount of deformation occurred during HPT. The microstructures were 

observed at the cross-section of the HPT processed disk specimens by the backscattered 

electron and transmission electron microscopy. The Z6 was in single phase after solution 

heat-treatment. The ZK60 had Mg(Zn,Zr) precipitates which were heterogeneously 
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distributed in the alloy matrix. The regions with higher and lower precipitates densities were 

termed as precipitate rich zones and precipitate deficient zones respectively.  

 The pure magnesium was dynamically recrystallized at the room temperature during 

HPT processing. The hardness curve had a peak when it was plotted against the shear strain. 

The peak was formed due to the drop in the hardness values, caused by the occurrence of 

dynamic recrystallization. The mechanism for the dynamic recrystallization was 

investigated. It was proposed that the dynamically recrystallized grains were nucleated by 

the formation of sub grain structures and the grain boundary migrations.  

 The magnesium alloy Z6 had shear bands during HPT processing. These shear 

bands were composed of narrow deformation bands having a thickness of around 50 nm to 

100 nm. The hardness curve had no peak formation when plotted against shear strain. There 

was no dynamic recrystallization occurred in this alloy. The mechanism of shear banding 

was investigated. It was proposed that the Zn in the magnesium matrix had reduced the 

mobility of the dislocations and suppressed the grain boundary migration, which had 

increased twinning during the early stage of HPT processing. When the twining was 

saturated the shear bands were formed as the next mechanism for the deformation. These 

shear bands originated near twin boundaries due to the stress concentration. The shear bands 

were increased with increasing shear strain until the whole matrix was deformed.    

 The ZK60 had shear banding at lower shear strain and the dynamic recrystallization 

at higher shear strain during the HPT processing. The hardness curve had a broad peak when 

plotted against the shear strain indicated the dynamic recrystallization. However, the pining 

of the grain boundaries from the precipitates inhibited the growth of the dynamically 

recrystallized grains. The ZK60 also had the sheared regions in the microstructure. These 

sheared regions were caused by the instabilities in the plastic flow during HPT 

deformations. These flow instabilities originated due to the difference in the extent of 

deformation between the precipitate rich zone and precipitate deficient zones. The material 
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incompatibly at the interface of these zones initiated the shearing. These sheared regions 

were increased with the increase of shear strain.  

 The alloying elements Zn and Zr affected the microstructure evolution during the 

HPT processing in magnesium alloy system. The pure magnesium was dynamically 

recrystallized during HPT, which was suppressed by the addition of alloying element Zn in 

Z6. The addition of Zr created a heterogeneous precipitate distribution, which had caused 

sheared regions in microstructure of ZK60 during the HPT processing.  

 In Chapter 3, the annealing behavior and the mechanical properties of the HPT 

processed pure magnesium, magnesium alloys Z6 and ZK60 were studied. The annealed 

specimens of Mg had strong basal texture due to prior dynamic recrystallization. The 

annealed specimens of Z6 had a weak basal texture because it was deformed by the shear 

banding and inhibited the dynamic recrystallization. The various grain sizes were fabricated 

by the heat treatment of the HPT processed specimens at different conditions in pure 

magnesium, Z6 and ZK60. These specimens were tensile tested at room temperature and 

moderate strain rate of 1×10-3 s-1. 

 The pure magnesium had larger elongation for HPT processed specimen. Its fine-

grained specimen had high yield strength and good ductility then the coarse-grained 

specimen. The fine-grained specimen had discontinuous yielding whereas the coarse-

grained specimen had continuous yielding.  The HPT processed Z6 specimen was very 

brittle whereas the coarse-grained specimen had a large strength and better ductility. The 

fine-grained ZK60 also had a high strength and better ductility then its coarse-grained 

specimens.  

 In Chapter 4, the hot compression behavior of magnesium alloy ZK60 was studied. 

The optimum condition for better formability was investigated. The hot compression tests 

were done for the range of temperatures and strain rates. The microstructure observations 
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were done on the compressed specimens. The power efficiency and instability maps were 

developed for the hot compression behavior.  

 The compression curves had peak at lower temperature and higher strain rates. The 

dynamic recrystallization occurred partially in the microstructure and formed a necklace like 

microstructure. This necklace like microstructure was due to the occurrence of dynamic 

recrystallization at the precipitate deficient zones. 

 The heterogeneous distribution of precipitates was found to create flow instabilities. 

The constitutive equations were developed for the peak stress and steady stress using 

Arrhenius term. The processing maps were developed at different strains by calculating the 

efficiency of power dissipation. The instability maps were constructed using the dynamic 

material model. It was found that the instability maps were well correlated with the flow 

instability. Thus, the optimum condition for minimum flow instability was obtained. 

 In Chapter 5, all of the findings and conclusions from each chapter is briefly 

summarized.  
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