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ABSTRACT 

Thixoforming is a well-known material processing technology that involves the creation 

of materials at temperatures ranging from solidus to liquidus. One of the requirements for this 

process is that the feedstock material's microstructure contains solid, near-globular grains in a 

liquid matrix and a broad solidus-to-liquidus transition range. Powder Metallurgy (P/M) is a 

near-net-shaped material processing route that compacts and sinters metal powders into 

finished products. When produced in this manner, the necessity for final machining is 

considerably reduced or eliminated. P/M techniques using aluminium alloys are particularly 

intriguing since they allow for the creation of custom-made, high-strength goods. 

In this thesis work, hot compaction studies of Aluminium alloys with different Si and Mg 

proportions have been studied. Further process parameters like holding temperature and 

holding time were also optimized. It also deals with the characterization (density, hardness and 

microstructure) of the alloys before and after extrusion. Extruded samples exhibited improved 

mechanical properties as compared with the compacted ones. Spheroidal grains were observed 

throughout the specimens. Dynamic recrystallization of extruded Al-Si-Mg alloys at 

thixotropic ranges were experienced. Avrami recrystallization model has been used for the 

calculation and has been compared with the experimentally measured ones. Peak strain, 50% 

recrystallizes strain, dynamically recrystallized grain size are the parameters that has been 

identified and validated. DEFORM 2D software has been used to predict the numerically 

simulated grain size. Larger grains were found at the bottom end of the specimens while the 

top end had considerably smaller grains. The effect of various Mg/Si ratios on the properties 

of the Al-Si-Mg alloys and the grain size were investigated. The results revealed that there 

were significant morphological changes in the silicon structure for Al-Si-Mg alloys beyond 

certain Mg/Si ratio. In addition to that, the material also started losing the thixotropic property.  

Further characterization of these alloys before and after extrusion has been performed. The use 

of computational intelligence techniques to identify the features of interest has been an 

emerging area in manufacturing process. Deep learning algorithms like FCNN, Unet, Segnet 

and Resunet++ has been employed to predict the alpha phase present in the optical 

micrographs. Most of the models were able to predict the alpha phase with varying levels of 

accuracy.  
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Chapter 1 

Introduction 

1.1 Foreword of the present work 

Manufacturing industry professionals and researchers have been studying light-weight 

materials to better understand the nature of processing and the elements that influence their 

behavior. The primary motivation for this research is to improve the efficiency of light-weight 

materials in aircraft, automotive, defense, transportation, construction, and architecture. 

Because of its multiple advantages, including as high strength-to-weight ratio, low density, 

high hardness, and good corrosion resistance, aluminium alloys have found their applications 

in various structural and industrial fields[1], [2]. In comparison to other traditional 

manufacturing processes such as forging, casting, and machining, the pressing-and-sintering 

powder metallurgy (P/M) process is the most promising technology for developing different 

engineering components to meet the requirements of the above-mentioned industries with high 

rates of production at low cost. In general, the P/M process is a very efficient and cost-effective 

method for creating high-volume components with improved surface polish, precision, near-

net shape, and strength. P/M is the best alternative over other traditional manufacturing 

processes for producing complicated and near-net shape goods with minimal material usage[3]. 

Due to the constant increase in demand for high-performance parts, the P/M industry 

has grown fast throughout the decades. The presence of inherent porosity in sintered parts, on 

the other hand, reduces the mechanical qualities. Thus, the P/M industries usually involve 

secondary forming processes such as extrusion, rolling, forging, and hot deformation to 

eradicate maximum porosity. Therefore, investigation of secondary forming of P/M 

components is the most stimulating new field in metal forming industries due to superior 

metallurgical and mechanical properties and also because of its flexibility over other 

conventional production processes. Hot extrusion of light-weight materials is a very new 

technology to produce near net shaped products with better mechanical properties. Because of 

the adaptability of applications resulting from the combination of the extruded product shape 

and the features of light-weight materials, hot extruded light-weight material is widely used. 

Automotive, aerospace, transportation, electrical, medical, building & construction, domestic, 

and sports industries all use hot extruded P/M components. 
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1.2 Introduction to Al and its alloys 

Aluminum has proven to be one of the most adaptable and valuable materials found 

and harvested from the planet from its initial commercial manufacture in 1854. It is the 

preferred material in various applications related to design and engineering due to its versatility 

and because of its light weight, formability, corrosion resistance, and high specific strength. It 

is also the  second most commonly used metal after steels. In addition, it is one of the 

packaging, medicinal, and electrical products that are most easily recyclable uses, as well as 

the production of motors and automobiles. Almost three-quarters of the aluminum ever 

manufactured in the world is still in use today because of its recyclable nature. New techniques 

of employing aluminium in manufacturing processes and manufactured products are the hot 

topics studied around the world due to its inherent qualities and potential as a sustainable 

resource When looking at the nature of aluminium studies over the last decades or two, it 

becomes clear that there have been focused push towards the primary production and related 

technology development with an increased thrust on the environment and energy efficiency, 

composite materials, wrought alloys and foundry, and forming technologies [4]. 

 . 

The discovery of novel alloys to fill demanding applications aided growth in Al 

consumption. Future, they were frequently altered to improve processing or to employ them 

for a wider range of applications. Magnesium, Copper, Silicon, Iron, Nickel, Cobalt, 

Chromium, Zirconium, Lithium, and Strontium are among the almost 20 alloying elements 

now available. Specific alloys are made from primary aluminium / secondary metal that has 

been upgraded with enough primary aluminium[5]. Aluminum and its simpler alloys have high 

ductility and low flow stress, making cold working possible. As the temperature rises, the 

strength decreases and the ductility increases. Steel tooling was exposed to heat cycles, minimal 

stresses, and temperatures below the softening range, even at the operational maximum of 

roughly 500°C. This last attribute made extrusion much easier, especially for hollow portions, 

than it was for copper or iron alloys[6]–[10]. 

 

1.3 Effects of alloy additions to Al 

Alloys are classified according to their presence of important elements and are given 4 

digits for wrought alloys and 3 digits for cast alloys. The AA 1000 series classifies aluminium 

of various purities that has not been intentionally alloyed. The 2000 series of precipitation 

hardening alloys, which include up to 4.5 percent Cu and produce CuAl2 were the first to be 
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found (in 1910) and have been widely employed in airplanes[11], [12]. These are substantially 

stronger than the 6000 series, and deformation and further alloying can make them much 

stronger. The 3000 series belongs to alloys that have Mn as the most abundant element  which 

is dispersion strengthened by (<0.5 µm) Al6Mn, while other impurity elements (Fe) may be 

present [5]. Constituent particles are small particles that form during the solidification process. 

Fine precipitate of particles in the solid can be manipulated to a degree by annealing at lower 

temperatures, possibly after homogenizing close to the melting point. The fine precipitate 

particles do not disintegrate after deformation during annealing recrystallization (SRX). They 

have an important role in strain hardening and grain size control. Although the 4000 alloys are 

based on Si and are not commonly utilized the corresponding casting alloys categorized as 300 

series are widely used. The above mentioned heat resistant alloys have better qualities than 

age-hardenable alloys, which expand the particles and have uses in the 300–400°C range. The 

alloys are classified as 5000 series because they are reinforced by Mg in solid solution up to 

around 5%. These alloys, like the 3000 and 4000, are not precipitation hardenable and are 

sometimes referred to as non-heat treatable or non-age hardenable [5]. For this reason, they can 

be easily welded without the problems of large fluctuations in the amount of precipitation in 

the heat affected zone (HAZ).Deformation (cold or hot) strengthens these alloys to a significant 

degree because of Mg solute in comparison with pure Al. 

The 6000 series alloys containing Mg (1%) and Si (0.5%) are precipitation hardenable 

due to the production of Mg2Si particles. They are not as strong as other age-hardening alloys 

and are significantly more hot or cold workable since they have the lowest amount of additives. 

As part of the thermo-mechanical process (TMP), working and precipitation mechanisms are 

frequently coupled. There can be surplus Si or Mg, along with Cu or other elements, in addition 

to varying quantities of Mg2Si. 

The 7000 series, which includes alloys containing Zn, Mg, and potentially Cu is known 

for including the strongest aerospace alloys [13]. There are numerous alloys that do not contain 

Cu, such as 7004, 7005, and 7039, that have lower strengths but better processing and corrosion 

resistance for ground-based applications. 

 

1.4 Phase diagrams of Al-Si alloys 

As this alloy series (known as A3XX.X) constitutes 95% of the global market for 

semisolid processing (SSP) technology, the binary Al-Si phase diagram presented in Fig. 1.1 

provides a profound knowledge of the essential components of semisolid forming [15]. The 
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liquid, AlFCC, and silicon phases are all depicted in this phase diagram. At 576.92 oC, the 

highest amount of silicon dispersed into the AlFCC phase creating an 𝜶-phase structure which 

is estimated to be 1.56 wt%. The solubility of silicon reduces as temperature drops, resulting 

in the formation of free silicon particles. The predicted microstructure is a mix of 𝜶 (AlFCC with 

residual silicon in solid solution) and precipitated alpha silicon particles. 

  At 576.92 C, the eutectic structure, which is a lamellar mixture of 88.86 percent 𝜶 plus 

11.14 percent silicon, will likewise form, but with a Si concentration of 12.53 wt percent. At 

ambient temperature, a mixture of 87.5 percent lamellar 𝜶 plus 12.5 percent silicon is expected 

due to the low solubility of silicon in the AlFCC structure decaying. 

 

 

Fig. 1.1: Al-Si phase diagram [15] 

 

 

1.5 Powder metallurgy (P/M) of Al-alloys 

Powder metallurgy (PM) is described as the technique of forming monolithic or solid 

components from fine powders (typically powders less than 40 µm)[16]. The better qualities 

that result from the precise and homogeneous microstructure that forms during processing 

make this approach appealing. The method's versatility in terms of manufacturability and the 

capability to produce high-quality, complicated, clean net-shaped parts with tight tolerances 

are also advantages [17]. When compared to the benefits that can be acquired, the procedure is 

usually cost-effective. Al-Si alloys are the most commonly used alloys among the family of 



5 

 

aluminium alloys next to steel, accounting for over 90% of all aluminium castings [18]. Its 

supremacy might be traced to the fact that it has wide spread applications in the automobile 

and aerospace industries. These alloys have great castability, crack resistance, abundance, cost-

effectiveness, and a positive technical impact, to name a few advantages. The casting 

technique, composition, and melt treatment all have an impact on the characteristics of Al-Si 

alloys. 

The automotive industry is P/M aluminum's most lucrative market. However, as 

compared to other materials, its low wear resistance prevents it from being used in components 

(such as sprockets) where wear resistance is critical. As a result, numerous P/M aluminium 

alloys have been created in the past, specifically intended for sintering and reinforced with 

silicon or hard ceramic particles (e.g. alumina, zirconium silicate, fly ash)[19]. Powder 

metallurgy alloys have a more uniform microstructure than cast alloys, and the size and number 

of silicon particles can be better regulated, preventing silicon segregation, which causes 

undesired wear consequences. 

For manufacturing different components, powder metallurgy processing techniques 

range from pressing and sintering to hot isostatic pressing, powder forging, metal injection 

molding, and rapid prototyping. Many aluminium castings, extrusions, and screw machine 

parts that need costly and tedious finishing operations are competitive with powdered 

aluminium parts. Furthermore, sintered aluminium P/M parts compete with other metal powder 

components in applications where some of aluminum's appealing physical and mechanical 

features can be utilized.  

 

1.6 Advantages of P/M over castings 

Powder metallurgy's advantages over conventional casting 

1) The P/M technique can manufacture goods with a near-net form. The powder mix 

is fused into a fully hardened piece during sintering of powder compacted pieces. 

2) During the casting process, porosity and blowholes develop. The blowholes and 

porosity are most likely to blame for the localized cracking. 

3) During deformation of P/M alloys, shear forces shatter the oxide coatings (produced 

during the atomization process) covering the particle surfaces of powders, resulting 

in a well-bonded microstructure. 
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4) Another benefit of the Al alloys produced by P/M is the microstructure control. In 

the formation of finer microstructures, P/M can provide more control and 

consistency. Cast materials have substantially lower mechanical characteristics than 

products with fine microstructure. 

5) During and after sintering, intermetallic phases and precipitates develop, which 

improve the mechanical characteristics of P/M Al alloys. 

6) Furthermore, when compared to standard ingot metallurgy (I/M), P/M technology 

can be utilized in  the refinement of microstructures by adding additives or chemical 

modifiers, resulting in superior mechanical and corrosion properties. 

7) Reduced solidification shrinkage  

 

 

1.7 Development of porous P/M preforms 

Powder metallurgy (PM) has been extensively researched and developed for the 

production of near-net shape Aluminum alloy components. Because of the potential for cost 

savings and enhanced fuel efficiency, 'press and sinter' technology has piqued the interest of 

industries such as automotive for the fabrication of tiny high-performance components. 

Powder metallurgy parts are made using a variety of techniques, ranging from high-

pressure die compaction to pressureless molding techniques like slip casting. Compaction of 

powders at high pressures, where consolidation and shaping happen at the same time, is the 

most common method. P/M products, on the other hand, can be shaped utilizing a variety of 

low-pressure processes that use binders to keep the shape of the parts while they are sintering. 

Another option is full density processing, which involves applying high pressure at high 

temperatures to produce powdered preforms with improved mechanical properties or close to 

that of wrought forms[20]. There are a variety of compaction processes, but the most common 

method for producing powdered parts is uniaxial compaction process. The advantages of this 

process are relatively simple tools requirements and highly economical. The compacting of 

powder in heated dies can be used to produce huge billets. High temperatures and lengthy dwell 

durations enable densities greater than 95 percent of full density to be reached at compaction 

pressures ranging from 1/3 to 1/2 of those required for cold pressing. In most cases, full density 

is not obtained, and the billet has 3 to 5% porosity. Because the characteristics of hot pressed 

billets are lowered from those of fully dense material, this porosity limits their application. As 
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a result, hot consolidated billets are frequently utilized as feed in closed die forging, upset 

forging, and other deformation procedures that remove residual porosity[21]. 

Sintering at liquid phase produces components with the desired properties in the press 

sintering process, in which elemental powders or aluminum powders are mixed with master 

alloy powders of the desired composition. Rapid solidification of powders and subsequent 

processing by hot pressing, extrusion, forging, or hot isostatic pressing can improve 

characteristics further[22]. 

1.8 Semisolid processing of P/M preforms 

The bulk of semi-solid processed aluminium alloys are traditional casting alloys like 

A356 and A357[23]–[25]. Semi-solid processing of higher strength aluminium aerospace 

alloys such as the 2000 series, 6000 series, and 7000 series, which are generally wrought, has 

sparked a lot of interest. The tensile strength and yield strength of conventionally wrought 

aluminium alloys are close to (or even exceed) the wrought goals when semi-solid treated[26], 

[27]  The problem is the ductility, which is usually only a few percent. The wrought alloys are 

inherently prone to hot cracking and ductility problems are at least partially associated with 

them [28]. 

The development of novel melt treatment and alloy manipulation techniques such as 

semi-solid metal (SSM) procedures has resulted in a fresh focus on aluminium wrought and 

foundry alloys casting, owing to renewed interest in aluminium intensive vehicles (AIV) and 

aluminium space frames for passenger automobiles. Due to high defect content, near-net shape 

casting and forming procedures such as traditional high pressure die casting (HPDC) are 

insufficient and must be tailored to create load bearing parts [29], [30] 

This innovative approach was found on the assumption that if solidified billets are 

focused to produce a fine spherical grains, an appropriate mixture of solid spherical particles 

suspended in a liquid melt can be obtained when the solidified billets are reheated to the 

required liquid fraction 

1.9 Microstructure modelling of hot deformation process 

Multiple applications, specific to those in the automobile industry, are increasingly 

driving the control of extruded aluminium alloy grain shapes. After forging aluminium alloys, 

larger grain can cause a series of issues, including lower fatigue resistance, poor machinability, 

and poor surface quality. Controlling grain size is critical for maintaining consistent product 
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quality and ensuring that cold forming is free of orange peel. Rheocast. The Rheocast Quality 

Index (RQI) is a measure that aids in quantifying the efficacy of the globularization technique 

in obtaining semi-solid structure with globular structure. The value becomes RQI for a structure 

to be globular grain size and should be globule, therefore presenting identical RQI equal to 1 

in a perfect semi-solid structure where a grain corresponds to a globule and its shape is a perfect 

sphere[14]. Microstructural studies on aluminium alloys has been an area of study for many 

scholars[31], [32]. Using mathematical models to predict the mechanical properties can be 

useful in optimizing the manufacturing parameters of the process 

Because grain size, recrystallization fraction, and dislocation density all affect flow 

stress, microstructural changes caused by metallurgical processes including phase 

transformation, dynamic recovery, and dynamic recrystallization (DRX) play an essential role 

in material flow behavior. Furthermore, the microstructure created by warm processing has an 

impact on mechanical properties of the formed products. As a result, the link between process 

parameters and material microstructural change must be quantified. Static recrystallisation 

(SRX) and DRX as well as grain development during interpass and warming time, are all part 

of the microstructural evolution during thermo-mechanical processing. To forecast the 

evolution of microstructure during  hot working of die steel, a numerical analysis employing a 

stiff visco-plastic finite element [33], [34] was done. The flow stress modelling equation was 

a function of strain, strain rate, and temperature. The Zener-Hollomon parameter was used to 

calculate the impact of these variables. 

During heated extrusion, the microstructure undergoes a complex transformation. 

Under standard extrusion conditions, i.e. constant ram speed, the distribution of microstructure 

in the cross section and throughout the length of the extrudates varies significantly. This results 

in a non-uniform distribution of mechanical characteristics, necessitating further post-extrusion 

processes such cutting away the recrystallized layer[35]. 

1.10 Finite element aspects of deformation process 

Even for complex part geometries, FE models of the compaction and sinter processes, 

together with proper material laws for the powder, allow quantitative predictions of tool 

loadings, green density distributions, and sinter distortions. Although there have been several 

research on powder-forging with non-plastic deformation, particularly using numerical 

analysis methods [36], numerical analysis of sintered cold-forging with densification and 

plastic deformation has been limited. To anticipate the final shape, a suitable constitutive model 
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of powder compaction should incorporate numerous behaviors of the compaction process. 

Svoboda et al.[37] used a modified porous metal plasticity model that included creep behavior 

to evaluate the HIPing of APM2390 stainless steel powder. In comparison to experimental 

work, the results demonstrated very good agreement in terms of the ultimate deformed shape. 

The traditional metal-formed products development paradigm has shifted from heuristic know-

how and trial and error to in-depth scientific calculation, analysis, and simulation to support 

metal-formed part design, forming process determination and configuration, product quality 

control and assurance, and the realization of FE-based simulation. The authors demonstrated 

the capability of modelling the plastic deformation behavior of CuZn37-A6061 composite 

porous billets during axisymmetric extrusion via conical dies using commercial rigid-plastic 

finite element (FE) DEFORMTM 2D software[38]. Designers can use the information obtained 

by FEM simulations about the work piece and tool to optimize the die and process design, 

saving time and money in the process. The simulation of the extrusion process can also be done 

with FEM. However, due to the problems involved, such as high temperature gradients, huge 

deformations, significant strain rate gradients, and transient behavior, the use of FEM 

simulation in the extrusion industries is limited. 

1.11 Deep learning techniques for phase identification 

Metallography is a science that studies the structure of alloy materials and reveals 

critical microstructure information. These microstructures are frequently observed and 

measured manually by researchers. Convolutional neural network (CNN) models have the 

potential to improve accuracy. Computer vision is being used in the materials domain, 

according to recent reports [39]–[41]. The use of machine learning to recognize microstructures 

has been documented in the literature. The distribution, shape, and size of the microstructures 

have a significant impact on the characteristics of aluminium alloy. As a result, proper 

segmentation of these microstructures is essential. Complex microstructure segmentation, on 

the other hand, is challenging and usually requires material scientists to manually divide 

microstructures into discrete pieces. This procedure is frequently slow, labor-intensive, and 

inconsistent. The metal micrograph is a digital image captured through a microscope that 

contains rich microstructure details and serves as a vital tool for metal microstructure 

investigation. Microstructure is usually done by hand by specialists, but due to the subjectivity 

of humans, there will be uncertainties. Various intelligent picture analysis approaches have 

arisen in recent years as a result of advancements in computer technology, enabling new 

methods for microstructure analysis. As a result, various attempts have been made to classify 
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and characterize microstructures using machine learning techniques and related technology, 

with the goal of enhancing microstructure analysis accuracy and efficiency compared to 

previous methods. Due to their excellent ability to learn discriminable features [42], deep 

learning has dramatically enhanced machine learning and achieved amazing results in picture 

segmentation [43]–[46]. In recent years, many advanced deep-learning metallographic 

segmentation algorithms have been introduced [47], [48]. 

1.12 Applications of Al and P/M Al alloys 

Aluminium alloys offers a high strength-to-weight ratio, good castability, outstanding 

corrosion resistance, cosmetic surface quality, resistance to hot ripping, comparatively good 

thermal conductivity, relatively lower melting temperatures, good machinability, and good 

weldability, to name a few. Aluminium alloys are commonly employed in 

Automobile: Cast engine blocks, wheels, piston rods, and radiators, stamped unibodies, 

space frame structures, body panels, and bumper systems  

Aerospace components: airframe primary-load-carrying structural components, 

lightweight structures. 

Electrical and electronic applications: Heat sinks, substrate/housing for 

microelectronics package, and spacers on structural electric transmission towers 

connectors, bus bars. 

Defense: Rifle receiver forging, mortar and artillery projectile fuses, cartridge cases, 

artillery shells, and rocket warheads 

Business machines: Drive-belt pulleys, hubs, end caps, connecting collars, and gears 

Other Appliances: Sewing machine parts and thermostat control gears, Decorative pen 

and cover 

Sports: A golf driver sole plate, Golf putter 

Aluminum P/M alloys have piqued researchers' interest because they have excellent wear 

resistance, strength, temperature resistance, and a low coefficient of thermal expansion. Al-Si 

products are extensively used in the automotive sector for powertrain components. A V8 engine 

block cast in Al, for example, weighs about 32 kg against 68 kg in grey cast iron [49]. Fig. 1.2 

shows the real life applications of Aluminium P/M alloys. 
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Automobile applications: camshaft-bearing, caps, pulleys, oil pump rotors, cylinder 

liners and shock absorber parts, cam caps, sprocket and rotor 

Aerospace components: vane-type and gear-type pumps, the converter turbine hub, 

clutch plates, the clutch hub, converter clutches, outer and inner races 

Defense applications: rocket motor cases in missiles, landing-gear assemblies (link, 

door actuators) ventral fin for F-16 jet fighter, helicopter rotors 

Other: gear rack used on a disc drive, vacuum capacitor, link flexure used on a print tip 

for a typewriter, header/cavity block used on a high-voltage, 

 

 

 

     Fig. 1.2: a) Aluminium sprocket and rotors [49] (credit EPMA). b) Oil pump rotors and 

gears. 

 

 

 

1.13 Organization of thesis 

The thesis is divided into seven sections. Chapter 1 deals with a brief introduction to 

the impacts of elemental additions to Al, as well as the deformation and densification behavior 

of P/M Al preforms, are presented. It also covers the constitutive modelling and finite element 

modelling (FEM) features of hot deformed materials. 

a b 
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Chapter 2 gives a thorough review of the literature pertinent to current research. The 

main goal of the critical review of literature was to thoroughly examine any previous research 

work that was related to the current work and to identify any gaps in current knowledge of 

sintering behavior, deformation, densification, microstructural and mechanical property 

evolution of P/M Al preforms. It also presents a survey of literatures associated to different 

research works based on structural properties like density, hardness, tensile strength, dynamic 

recrystallization behavior, FE analysis and the grain size analysis during the extrusion process.  

Chapter 3 describes the structural properties evaluation on Al-Si and Al-Si-Mg hot 

powder compacts before and after extrusion and further characterization studies like XRD and 

DTA analysis. Further for different regions within the extrudates characterization was done. 

Chapter 4 describes the dynamic recrystallization studies on Al-4Si-0.6Mg alloys at 

semisolid temperature ranges both numerically as well as experimentally. Similarly grain 

growth modeling was also studied. 

Chapter 5 explains the effect of various Mg/Si ratios on the microstructure and 

structural properties of thixoextruded Al-Si-Mg alloys. 

Chapter 6 deals with the prediction of alpha phase present in the OM images using 

deep learning algorithms and numerical simulation of   hot compaction and hot extrusion. 

Chapter 7 presents the results gained from the current study work, as well as the scope 

of future research activity. 
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CHAPTER 2 

Literature Review 

 

On the subject of sintering behavior, semi-solid forming, and hot deformation on 

Aluminum P/M alloys, several researchers have done outstanding work. The majority of the 

research has been divided into three categories: developmental research, microstructural and 

mechanical property evolution research, and simulation and modelling research. The work of 

different researchers on various areas of semi-solid forming and hot forming technologies is 

summarized in this chapter. 

 

2.1 Introduction to P/M process 

P/M parts can be divided into 3 categories: one in which the P/M approach allows for 

the production of a lower-cost component, a cost-efficient/high-performance intermediate 

category, and others in which the P/M approach results in a part with improved mechanical 

properties [50]. The first procedure usually produces products with inferior mechanical 

qualities than wrought material, while the third approach is usually more expensive. The first 

is a more typical commercial method, while the second is a more recent commercial approach, 

and high-performance parts are improved features of P/M technology. The two primary kinds 

of P/M manufacturing methods are traditional press-and-sinter methods and full-density 

procedures. Powder Metallurgy parts are made using a variety of techniques, ranging from 

high-pressure die compaction to pressureless molding techniques like slipcasting. The most 

common method is mold compaction at high pressures, compacting and forming at the same 

time. P/M products, on the other hand, can be shaped utilizing a variety of low-pressure 

processes that use binders to keep the shape of the parts while they are sintering. Another option 

is full density processing, which involves applying high pressure and  temperatures to produce 

P/M parts with higher mechanical properties [20].  

Metal powder is loaded into the die cavity of predefined shape during the die 

compaction process. The movement of rams along the axial direction applies pressure in the 

range of 350 to 700 MPa (50 to 100,000 psi). The metal powder particles gets compressed and 

cold welded to form a final shape with desired porosity as a result of the pressure. This 

compacted shape, known as a green component, is next heated to a high temperature (about 
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595 to 625 °C) for 10 to 30 minutes to sinter the metal powder particles into a solid mass. In 

uniaxial metal powder compaction, only vertically moving punches are used to provide 

pressure to the powder. The shape of the parts that can be conveniently manufactured is limited 

when metal powder parts are compacted in inflexible dies where the punches move along the 

axial direction. Compacting does not produce asymmetric parts or holes that are at an angle 

perpendicular to the compaction direction. 

In order to attain the physical and mechanical property requirements of aluminum-

matrix composites (AMMC’s), a suitable matrix material composition must be chosen. Due to 

unfavorable interfacial reactivity [51] during P/M consolidation, addition of minor alloying 

elements in wrought alloys are often deleterious to the material characteristics of the 

composites. Pre-alloyed powder or blending elements with reinforcement, followed by any 

consolidation technique, such as hot pressing/rolling into a billet is the primary shaping process 

for producing discontinuously reinforced composites. These billets are then subjected to 

secondary process like extrusion or rolling for further consolidation. However, during 

consolidation of billet, the matrix may undergo incipient melting, resulting in significant 

insoluble and excess soluble intermetallic that form when the aluminium alloy matrix is 

solidified. The fracture toughness and ductility of the alloy are both harmed by these particles. 

As a result, leaner variations of the 2xxx and 6xxx series aluminium alloys (e.g., 2019 and 

6080) have recently been developed, which contain strengthening components in 

concentrations no larger than their mutual solubilities, resulting in composites with useful 

ductility and fracture toughness [52]–[54]. Other sophisticated compaction techniques have 

been employed to achieve productive powder consolidated products, including frictionless 

isostatic pressing[55], high speed compaction [56], equal channel angular pressing [57], and 

rotary die pressing[58] . 

 

2.2 Hot compaction 

Cold pressing in rigid dies provides the advantages of dimensional control due to the 

well-defined cavity. Size constraints owing to press capacity, height-to-diameter limitations 

due to die wall friction, cracks during ejection, issues with compacts pressed from powders 

with low green strength, shape limitations like re-entrant angles and holes are all examples of 

process limitations. 

In powder metallurgy, the hot pressing process used on metallic powders is critical. 

This is a complicated procedure that involves both material thermo mechanical characteristics 

and microstructural impacts. The technique entails heating the powder bulk to a temperature 
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below its melting point while applying pressure at the same time. The major consideration is 

that the material softens at high temperatures, making densification easier. Creep is a term used 

to describe a phenomenon that occurs in any sort of material. 

The compacting of powder in heated dies can be used to produce huge billets. High 

temperatures and lengthy dwell durations enable densities of >95 percent of full density to be 

reached at compaction pressures one-third to one-half of those required for cold pressing to 

lower density levels. In most cases, full density is not obtained, and the billet has 3 to 5% 

porosity. As the characteristics of hot-pressed billets are lower from those of fully dense 

material, this porosity limits their application. As a result, hot pressed billets are frequently 

utilized as stock in upset forging, closed die forging, and other deformation procedures that 

remove residual porosity. 

It is currently possible to use this sort of processing to produce components with 

mechanical qualities that are comparable to those of commercially available wrought products; 

however, super solidus liquid phase must be introduced during the sintering cycle to achieve 

this[59] . The presence of a wetting liquid boosts material transport and improves pore filling 

while also assisting in the breakdown of the surface oxide that coats each particle. Furthermore, 

initial particle size, cleanliness, alloying additives, sintering environment, and heating/cooling 

rates have all been found to affect the mechanical properties of the final sintered material [60], 

[61]. Higher green densities, stronger green strength, improved mechanical and soft magnetic 

characteristics, and more density uniformity across the as-sintered part are all advantages of 

the warm-compaction process[62]–[64].  

In order to establish a cost-effective alternative approach for producing high-strength 

parts with complex forms, the powder forging process of rapidly solidified Al alloys was 

researched. Powder forged pieces have been found to have mechanical qualities that are 

comparable to those generated by extrusion[65]. In addition, compared to powder extrusion, 

powder forging generates a part in its final form immediately from beginning powders, without 

the need for machining (near net shaping). To ensure that the structural features achieved by 

rapid solidification are not lost, powder consolidation is often done by solid-phase diffusion at 

temperatures much below the melt points of the raw material powders. 

 

2.3 Literature Survey on Semisolid Processing 

  Semi-Solid Metal (SSM) processing is gaining traction as a viable substitute to the 

traditional casting and forging manufacturing techniques. This category incorporates both 
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liquid and solid forming techniques. The semi-solid slug behaves like a solid in the absence of 

shear forces, such as self-standing, but when shear force is applied, the material flows like a 

liquid, resulting in thixotropic behavior. Because of these distinct characteristics, SSM routes 

have become popular alternatives to traditional casting on an industrial scale. SSM processing 

technologies are mainly divided into two categories[4]. 

The rheo-route entails preparing an SSM slurry of alloys from the liquid phase and 

transferring it directly into a die or mold for component shaping. Industry has invented the term 

"Slurry-on-Demand," or SoD, to characterize slurry producing processes that take place in the 

cast shops, ensuring a consistent supply of slurry for shaping operations. 

 The thixo-route is a three-step process that begins with the creation of a feedstock 

material of adequate length and weight that is equiaxed or globular, or has the potential to 

become spherical after further processing. To create a semi-solid structure, the feedstock 

material is reheated to temperatures between solidus and liquidus (mushy zone). The last stage 

is to shape the mush with thixotropic properties. 

  The eutectic volume fraction present in A357 alloys is around 45 percent. This, together 

with the liquid fraction distribution as a function of temperature, makes processing these alloys 

to a temperature close to the eutectic temperature for a particular liquid fraction. They also 

have good casting properties in terms of flow length, flow front joining, and the formation of 

hot cracks during solidification. These benefits greatly expand the operating window for the 

process, enabling for the production of defect-free components. In addition,  these alloys are 

highly  corrosion resistive and offers a broad range of mechanical characteristics, such as 

ductility and  high strength, which may be changed through heat treatment processes and the 

Mg content (0.25–0.45 percent in A356 and 0.45 to 0.60 percent in A357). As a result, semi-

solid casting dominates industrial manufacturing of these alloys [14]. 

A challenge in adopting the SSM process is that simply substituting the manufacturing 

process for a particular geometry is rarely sufficient. In majority of the cases, significant 

advantages will necessitate a process-specific redesign. This is especially true if the aim is to 

obtain considerable weight reductions by replacing steel forging with aluminium SSF. The new 

design leverages the process capabilities of semi-solid castings to minimize weight by forming 

hollow cross-sections with high rigidity, impossible to achieve through forging. Despite the 

fact that the AlSi7Mg alloys vast spectrum of mechanical qualities covers a wide variety of 

technical domains, some applications require specialized properties that are better achieved by 
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other alloy systems. As a result, several alloys have been developed and demonstration 

experiments have been conducted to fully leverage the potential of semi-solid forming. These 

studies reveal that the fine-grained spherical microstructure needed for SSM process may be 

achieved in principle in most studied aluminium alloys [66]. However, the problems in 

attaining sound portions during heating and forming vary greatly depending on factors such as 

reheating behavior, flow behavior, and hot crack sensitivity.  

High wear resistance can be accomplished utilizing metal matrix composites (MMCs) 

or SSF of hypereutectic Al-Si alloys like AlSi17Cu4Mg (A390). Both alloys are not easy to 

cast using traditional methods and can result in excessive tool wear during machining. A390 

has proven to allow good die filling while generating a microstructure with evenly dispersed 

primary silicon particles in semisolid forming. MHD (Magneto Hydrodynamic) casting can 

create feedstock billets from SiC particle-reinforced MMCs like Duralcan[67] if particle 

sedimentation is avoided in the furnace by proper stirring. Because of the stabilizing impact of 

the non-meltable particles, reheating and semi-solid casting behavior of these samples is 

comparatively simple. Particle agglomeration or segregation during the solidification does not 

take place, which is a key advantage of SSF over casting these materials. 

The microstructural and mechanical characterization of 6061 Al-based composites 

supplemented with SiC particles was investigated by Zhang et al.[68]. The microstructure of 

powder thixoformed 6061 composite was found to be near-spheroidal primary grains and 

intergranular secondary solidified structures, whereas permanent mold cast 6061 composite 

had a coarse and equiaxed dendritic morphology. As a result, the UTS and yield strength of the 

permanent mould cast alloys were higher. The pore-free structure, matrix reinforcement, and 

increased bonding between matrix and reinforcement are primarily responsible for the reported 

improvements in microstructure and mechanical performance. The processing procedure has a 

significant impact on the microstructure and mechanical properties of thixoformed materials. 

These forged alloys are noted for their outstanding mechanical qualities at both room 

and high temperatures. Various attempts have been made to employ these alloys in semi-solid 

casting[66]  but they have a very narrow processing window, a short flow length, and a 

tendency to create hot fractures. AlMg5Si2Mn alloys composition has been modified to have 

had some success[69], [70] , for example, the space frame node for an Audi car construction, 

which requires a yield strength between 120 and 150 MPa, an ultimate strength above 180 

MPa, and elongation above 15%. AlSi7Mg was not a viable option because this thin-walled 
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construction needed to obtain these qualities without heat treatment to avoid deformation. It 

was successfully semi-solid cast from AlMg5Si2Mn MHD cast billets [69]. 

P/M and thixoforming technologies work together to create finer, more uniform 

structures with superior mechanical qualities than casted feedstock semi-solid forming. 

Unfortunately, very few studies on powder thixoforming technology have been conducted. Wu 

et al. [71] investigated semi-solid powder processing as well. They looked at the impact of SiC 

volume fraction, SiC particle size, forming pressure, and matrix particle size on the 

microstructure and mechanical characteristics of an Al6061-SiC composite. They came to the 

conclusion that decreasing SiC particle size increased semi-solid compaction pressure, and 

lowers the SiC loading limit (volume) for a given pressure. When SiC particles were smaller 

than Al6061 particles, non-uniformity in microstructure was detected. As a result, fracture 

surfaces and hardness varied greatly. Furthermore, dense components were made using smaller 

SiC particles, resulting in a microstructure that was uniform and free of microcracks, as well 

as a higher hardness. 

2.4 Literature Survey on Semisolid extrusion 

Secondary operations like casting, forging, and hot deformation can improve material 

density and mechanical qualities. Semi-solid extrusion (SSE), out of all the SSF techniques, 

has the most advantages and is of particular importance for high productivity. Due to flaws 

such as fractures and porosity, materials produced using the casting technique have low 

mechanical strength. Forging methods offers excellent mechanical strength, but they 

necessitate large forming loads to produce good products, and machining is necessary 

afterwards, reducing productivity and efficiency[72]. If a semi-solid extrusion method is 

adopted, the benefits of forging and casting can be combined to make superior Al alloy 

products. The advantages of semi-solid extrusion over traditional forming procedures like 

casting and forging are numerous. High pressure and slow extrusion speeds are common 

problems with traditional extruded materials. For technological and economic reasons, it is 

therefore more efficient to extrude materials in a semi-solid condition.  

Intricate shapes of light metals are industrially manufactured by standard solid-state 

extrusion, as indicated in the introduction, therefore there is no economic necessity to design a 

more complicated SSE technique for Al alloys. SSE of lower melting alloys, on the other hand, 

is a highly interesting option to examine the parameters of the process without having to be 

content with the subsidiary issues caused by semi-solid steel's high temperature levels. 



19 

 

 Considering a general process window diagram for traditional rod extrusion processes 

(Figure 2.1a), it's evident that using standard extrusion setups to raise the billet temperature to 

semi-solid condition will result in product faults [73]. If the load necessary to reach a high 

extrusion ratio is more than the load limit, the billet temperature can only be raised till the 

maximum extrusion ratio (A0/A1) is attained. Local melting caused due to dissipation, leads to 

additional increase in the billet temperature, which results in local flaws such as heat cracks 

(Fig. 2.1b). 

Fig. 2.1: Characteristic features of extrusion [73] 

Kiuchi et al.[74] conducted the first semisolid extrusion studies in 1979. They 

investigated the effects of the desired extrusion load and temperature of the tool for Al and Pb 

alloys with a billet 40 mm in diameter and 25, 30, or 40 mm in height under various test settings 

using a horizontal forming equipment. Experiments were done for two conditions of 

simultaneous heating process (tool and workpiece heated) and no preheating process (tool not 

heated) The authors noted that the optimal liquid fraction of 5–10 percent were needed for 

semi-solid extrusion of the examined alloys and the required press load increased with fall in  

liquid fraction, which was only 1/5th of the necessary press load in conventional extrusion. In 

terms of process differences, bars extruded with the no-preheating tool arrangement showed 

more work hardening and less ductility than bars extruded simultaneously. 

In terms of tensile strength, both process types produced similar results, however the 

tensile strength declined as the liquid percentage increased [74]. For all process variations, the 

extruded bars exhibited better microstructure. Frictional effects between the billet and the die 

walls was insignificant when the liquid component was greater than 20%. 

Later, the same group [75] looked at particle-reinforced aluminium alloy AA-5056 (20 

vol. percent) in addition to ordinary aluminium alloys. Al2O3 with a liquid fraction of 20–30% 
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and an extrusion channel diameter ranging from 2 to 10 mm in 2 mm increments. To prevent 

the billet from cooling in the container, the tool was preheated to the temperature of the billet. 

The scientists also observed that when profile complexity increased, the extrudable wall 

thickness dropped. In general, they came to the conclusion that the alloys may be easily 

extruded with little strain. The yield stress of extruded goods can be improved with heat 

treatment. The extruded products for particle-reinforced materials had a smooth surface and no 

extrusion problems. In SSE of this material, the dominating factor is the liquid fraction 

responsible for the particles' embedding. 

Ketabchi et al.[76] investigated the effect of cooling rate during semi-solid extrusion, 

as well as the evolution of microstructural and mechanical properties of 7075 Al-alloys as 

temperature and holding time changed. The optimum temperature and holding time for 

developing appropriate microstructure were discovered to be 580 °C and 10 minutes, 

respectively. It also demonstrated that when the cooling rate severity increased, the mechanical 

characteristics of the alloys improved due to a decrease in shrinkage porosity and final grain 

size. The authors concluded that the optimal semi-solid extrusion process parameters result in 

mechanical qualities that are comparable to or better than those of traditionally extruded goods. 

Neag investigated [77] the influence of experimental circumstances on 7075 Al-alloy 

during thixoextrusion. Extrusion temperatures of 602°C, 609°C, and 617°C were employed, 

with solid fractions of 0.82, 0.77, and 0.69 respectively. As the slug temperature dropped and 

the solid fraction grew, the forming load increased. With increasing temperature, sliding 

between the solid and liquid phases, as well as grain rearrangement with each other, was seen 

without any plastic deformation. The importance of solid percentage in simulation results of 

semi-solid extruded aluminium was highlighted by Neag et al. [78]. During semi-solid 

extrusion, simulation and modelling findings revealed the evolution of the degree of 

agglomeration as a function of temperature and strain rate field. The research on semi-solid 

processing with a high solid fraction (0.5) and a high tool temperature. 600 °C was the ideal 

temperature for achieving laminar flow without liquid ejection. 

The microstructure and mechanical properties of semi-solid extruded bars of ZL116 

(ZAlSi8MgBe) cast Al-alloy were studied by Dazhi et al.[79]. The Beryllium presence in the 

alloy increased the mechanical characteristics and corrosion resistance by enhancing the 

precipitation hardening phases during age, according to the findings. The extruded samples 

were likewise smooth with fine and homogenous microstructure, according to the researchers. 



21 

 

 

2.5 Hot extrusion of Al alloys 

Deformation processing (extrusion, forging, or rolling) of the consolidated composites, 

in addition to generating shaped structures, develops the greatest characteristics possible by 

breaking up any preexisting oxide on the alloyed powder. When whisker-reinforced composites 

are extruded, the whiskers are roughly aligned in the extrusion direction. Secondary processing, 

such as machining and joining, is required for the production of useable shapes, at least to some 

extent, which is not well established for composites. Because of the great hardness of the 

ceramic reinforcement, conventional machining of composites is extremely challenging[80]. 

Extrusion is a versatile method that turns cast billets into long uniform shapes with 

easily polished surfaces in a single ram stroke. This is especially true for aluminium alloys, 

where heat-resistant steel dies provide excellent durability, even in sections with several 

cavities and uneven projections. Over long lengths, extrusions are dimensionally precise, and 

any straightness lost after cooling can be recovered by cold stretching[81]–[84]. Aluminum 

extrusions account for more than half of all extrusion volume and nearly a quarter of all 

aluminium mill output. 

2.5.1 Various Material Flow during Extrusion 

Extrusion, unlike rolling and wire drawing, is not completely quasi-static due to the 

significant friction forces involved. In the extrusion of aluminium, friction is exceedingly high; 

in fact, it is frequently so high that plastic shearing occurs in the billet's subcutaneous areas 

rather than sliding at the interface. The deformation zone does not remain fixed under these 

conditions, but instead gradually spreads inwards from the container wall due to the progressive 

thickening of zones of severe shear. Under very good lubrication, on the other hand, the 

deformation zone is more confined, and the process becomes more quasi-static. On this basis, 

it appears to be a useful simplification to consider any individual occurrence of extrusion as 

working under conditions in the middle: i) entirely unlubricated, causing sticking friction; (ii) 

lubricated, resulting in frictionless slippage at the billet container contact. 

The genuine situation, however, is far more complicated, and Pearson and Parkins [85] 

had to postulate three forms of metal flow: (i) unlubricated; (ii) lubricated; and (iii) a type 

characterized by the presence of an extrusion defect or back-end defect at a relatively late point 
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in the process. Under normal industrial conditions, hot extrusion of aluminium is unlubricated, 

and it may be considered to approach sticking conditions at the interface. 

Pearson and Parkins classified flow during the process as follows (Fig. 2.2): 

a - indirect; 

b - lubricated; 

c - unlubricated; 

d - with extrusion defect. 

 

 

 

 

 

 

 

 

Fig. 2.2: Various metal flow in extrusion a) indirect b) lubricated c) 

unlubricated d) unlubricated with defect 

Extrusion pressure has the first impact of compressing or 'upsetting' the billet into firm contact 

with the cylinder wall. There is no friction between the billet and the container in indirect 

extrusion, and the flow is streamlined, as shown in Fig. 2.2. (a). 

When employing the indirect technique, the surface of the billet becomes the surface of 

the extrusion, which is why it is common practice to scalp all billets. Of course, this necessitates 

a separate and costly procedure. Although it is commonly considered that there is no dead metal 

zone in indirect extrusion, as we will demonstrate later, this is not the case. A conical dead 

metal zone forms in front of the die in lubricated direct extrusion (Fig. 2.2(b)), but there is little 

shearing at the container/metal interface; as a result, there is a tendency to extrude part or all 

of the surface into the surface of the extrude, which is why little or no lubrication is used in 

aluminium alloy extrusion. When the billet is unlubricated, there is a propensity for relative 

motion between the container and the skin of the billet as extrusion progresses and the billet 



23 

 

shortens (Fig. 2.2(c)). High friction forces are generated at the interface because to the close 

contact and lack of lubrication, and zones of significant shearing occur immediately beneath 

the skin of the billet. A dead metal zone forms at the front of the billet early in the process, and 

it's commonly thought to extend over the die face to the orifice, forming a 45° angle with the 

container. 

When there is no lubrication, the well-known extrusion problem arises. This fault 

develops late in the process, when material from the billet's oxidized and contaminated surfaces 

flows round from the back of the billet to take the place of the billet's core that has passed 

through the die (Fig. 2.2 d). The impure material eventually travels through the die in the shape 

of an annulus, separating sound material in the outer half of the cross-section from equally 

sound material in the center due to the symmetry of the process. At times, the discontinuity is 

so complete that a portion of the core can be removed from the billet's back end. The problem 

has been determined due to the friction acting between the billet container interface. 

2.5.2 Effects of Temperature 

 Hinesly and Conrad [86] studied the temperature effects on the metal flow pattern of 

the extruded AA2024. Their findings showed that a single flow along the principal axis of the 

extrudates was seen at low temperature extrusions, with a different flow pattern at higher 

values. 

Previous researchers [87], [88] attributed this to lubrication variations, but Conrad [83] 

et al. proposed that it was due to differences in plastic characteristics and thus temperature 

disparities inside the deformation zone. Tutcher [23] demonstrated the extrusion effects of 

AA5456 with a standard flat-surfaced dies, whereas conical dies were used for their 

experimental information. 

When extruding 6060, maximum profile surface temperatures should be expected at 

590°C (the eutectic temperature) when the billet contains Mg2Si particles (assuming the billet 

is heated straight to temperatures below 475°C, the solvus temperature) before incipient 

melting occurs. When all of the, the incipient melting will occur At 620°C which is the solidus 

temperature, random melting happens because of all magnesium and silicon diffusing into solid 

solution. This is true for billets that have been directly heated to temperatures exceeding 475°C 

or for billets that have been overheated to temperatures below 475°C.[89]. At hot working 

temperature of 550°C exposure of AI-Si, AI-Fe and AI-Fe-Si alloys was found to increase 

dynamic recovery and substructure development, [90]. 
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Preheating of Al 2014 alloys for long periods of time at temperatures below 440°C has 

little effect on the extrusion-process flexibility or extrudate structure. If the billet is preheated 

to 500°C and rapidly cooled to the extrusion temperature, some additional solubility must 

occur, and some soluble elements should be retained in solution; this increase in solubility 

should be greater at the surface, resulting in increased resistance to deformation at the surface 

of a directly extruded billet[91]. As a result, the DC cast form would be poorer in terms of 

machinability and wear. As a result, the homogenization and extrusion processes must remove 

this inhomogeneity. 

Elements can be added to the extruded form to generate solid solutions, precipitates, 

eutectic, or primary particles. The most typical additives to impart precipitation hardening are 

Mg and Cu, both of which greatly increase the hardness. These constituents will enter solid 

solution during the heating process to reach extrusion temperature, potentially increasing flow 

stress and slowing extrusion speed.  Celliers et al. [90] demonstrated that alloys having high Si 

content have flow stresses comparable to some hard alloys (7XXX) at extrusion temperature 

of 450°C. 

Hot working AI-Mg alloys with high Mg content (5083 and 5465) is difficult. Hence a  

2 stage heat treatment process involving holding temperature of  375-425°C for approximately 

2 hours succeeded by 500-530°C for roughly 8 hours has been performed. This  has brought 

additional benefits like lowering deformation stress and increasing ductility [92]. The greater 

the sub grain size and the higher the recrystallization temperature, the higher the extrusion 

temperature. Recrystallization of the nonhomogenized material demands a much greater 

temperature than that of the homogenized material. 

In the intermediate temperate range, notably at 480°C for Al-Zn-Mg alloys, billet 

homogenization creates very fine but numerous precipitates: (MnFeSi), Cr, and Zr, 

respectively. Because the precipitate structure is not fundamentally altered in the short-term 

warming up to 450°C, or 550°C, these exert a restraining influence on recrystallization at both 

the lower and higher extrusion temperatures [93], [94]. In terms of manufacturing Al-alloy 

products, tooling, and press design, hot extrusion is the most sophisticated technique. The 6xxx 

and 2xxx series alloys are often used materials for hot extrusion because they have the best 

economic and technical qualities, such as ease of extrudability into any shape, heat treatment 

resistance, and higher mechanical properties. Hot extrusion is the most cost-effective way to 
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make high-density P/M components. The management of deformation geometry, as well as the 

use of optimal temperature and speed parameters, can increase an alloy's extrudability [95]. 

 
2.5.3 Effects of Extrusion die geometry  

 

 The right mix of extrusion ratio and die included angle is critical for successful hot 

extrusion of P/M alloys. Failure experiments in extrusion of P/M Iron preforms were investigated 

by Venugopal et al.[96]. They came to the conclusion that friction between the preform, die, and 

container raised tensions in the extrusion process and caused differential velocities, which can lead 

to sample failure. The die approach angle of 40° produced a smooth surface with no cracking, but 

increasing the die angle to 60° and 90° increased the cracking tendency. Extrusion cracks in P/M 

preforms can be prevented by reducing friction between tools and preforms, preventing tensile 

stresses, and ensuring only compression stresses are generated. 

 Onuh et al. [97] investigated the effect of die angle, area reduction, and extrusion speed on 

the quality of cold extruded aluminium and lead alloys in an experimental study. The average 

hardness of extrudates increased as extrusion speed and area were reduced, according to the 

findings. The influence of die land on flow pattern, extrusion pressure, and hardness variation over 

the length of the extrudate of lead alloys was studied by Ajiboye and Adeyeni [98]. For any 

extrusion ratio, the extrusion pressure rose as the die land length grew. Tiernan and Draganescu 

[99] examined how surface roughness and hardness of cold extruded Al-alloys were affected by 

changes in area, die angle, and lubrication. The die angle, rather than the reduction ratio or 

lubrication, influenced the surface roughness of the extrudates, according to statistical modelling 

studies. Shahzad and Wagner [100]  investigated the microstructural evolution of AZ80 Mg-alloy 

crystallographic texture and mechanical characteristics during extrusion at various extrusion ratios. 

The finer grain size was shown to produce greater yield and ultimate tensile strengths. Das et al. 

[101] investigated the effects of die land length, extrusion ratio, and lubrication on the surface 

roughness and hardness of Al-alloys during extrusion. The average hardness of extruded items 

produced by 15 mm die land length was 5% higher than dies with 10 mm die land length, according 

to the findings. At low extrusion ratios, plastic strain and strain hardening were minimal. Huang et 

al.[102] investigated the microstructure and characteristics of Ti-composite as a function of 

extrusion die angle. They showed that raising the die angle from 45° to 75° lowered both tensile 

strength and elongation. 

2.5.4 Effects of strain rate during extrusion  

 

Extruded Al-alloy products might be made with large stresses and high friction. These 

characteristics cause heat to be generated within the extruded components, resulting in 
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nonuniformity and a decrease in mechanical qualities. Controlling the strain rate or ram speed 

during extrusion helps reduce the unstable condition of extrusion and nonuniformity in 

mechanical characteristics. With a lower strain rate, the deformation time increases. Extending 

the duration to attain the steady state temperature promotes dislocation annihilation, resulting 

in microstructure irregularity in extruded goods. As a result, the strain rate or ram speed should 

be tuned to achieve microstructure and mechanical property homogeneity among all extruded 

products. Peres et al. [103] investigated the hot extrusion of gas-atomized nanostructured Al 

alloy powders. The results showed that as the strain rate increased, so did the compressive 

strength and elongation of the extruded samples. They also showed that due to high friction 

and temperature differences inside the sample, the high strain rate during extrusion may induce 

cracks on the surface of the samples. The influence of stem speed on metal flow behavior, 

surface quality, and temperature distribution during extrusion was studied by Zhang et al. 

[104]. At an ideal ram speed of roughly 0.3 mm/s, they found homogeneity in metal flow and 

temperature distribution. At higher strain rates, non-uniformity in metal flow during extrusion 

develops, resulting in cracks, surface burning, and twist deformation in extrudates[105]. With 

increased strain rate or ram speed, the required extrusion force increases. Extrudates' welding 

quality and mechanical qualities improve as the strain rate rises. 

2.5.5 Strengthening mechanisms during extrusion  

 

a) Grain Size Strengthening 

The dislocations interact with the Grain Boundaries (GBs) at low temperatures (under 

300°C for Al), generating pileups that induce back stress on the source, resulting in the Hall– 

Petch relationship (equation 2.1). 

               𝜎𝑦=𝜎0+𝑘√𝑑----------------------- (2.1) 

where σ0 denotes a single crystal's yield strength, D the average grain size, and k the strength 

factor[105]–[108] . Pileups cause stress raisers in a neighboring grain to initiate slide; however, 

in Al near 20°C, they swiftly undergo DRV into a cellular substructure that is smaller in size 

and has a bigger disorientation than the cells in the grain center up to 0.3. Because strain 

hardening is larger for smaller grain sizes, the Hall–Petch effect is preserved, with a decreasing 

value of k as it approaches 0.5[109] . Heavy working and recrystallization annealing are 

commonly used to produce fine equiaxed grains. Finer grains result in a more consistent strain. 

The effective grain size is the short dimension for grains that have been stretched by strong 
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straining and softened by annealing. The importance of texture is unaffected by grain size. At 

high T and 103–101 s-1, very fine (8 m) grains can cause GB sliding with a high strain-rate 

sensitivity, conferring high resistance to necking; this results in super plasticity with high 

tensile elongations. The change of austenite to ferrite/pearlite, achieved by low finish rolling, 

can improve structure refinement in steels. 

b) Strain Hardening 

The creation of substructure causes strain hardening, which rises with decreasing cell 

sizes and dislocation spacing in both the walls and the interiors. At higher T, DRV (dislocation 

annihilation and rearrangement) reduces their decline with strain, and their dimensions stabilize 

in steady-state deformation in hot working and creep. Other strengthening mechanisms, such 

as orientation effects that cause deformation bands (at all T) and block wall creation, influence 

strain hardening (in cold working). 

c) Solute Strengthening 

Substitutional solute atoms of a different size than the Al hosts may interact with the 

dislocations in an elastic manner, generating Cottrell atmospheres around the dislocations. The 

strength of such locking varies depending on the element, with Mg being the strongest and Cu, 

Zn, and Si being the weakest. The action varies with temperature, resulting in poorly formed 

cell structure, shear banding at 20°C in Al–5Mg, and sluggish development of much smaller 

sub grains at higher T compared to Al; preceding chapters are devoted to hot working of alloys 

with Mg) and alloys that also precipitate As the SFE diminishes, solutes can also segregate to 

stacking faults between partial dislocations, increasing the separation. The Suzuki effect, which 

is marked by broad, stacking faults in TEM coupled with straight slip lines observed optically, 

does not appear to be a major factor in Al alloys, but it has a strong effect in Cu by the addition 

of Al or Ge; this is called the Suzuki effect and is marked by broad, stacking faults in TEM 

coupled with straight slip lines observed optically. The ascent or cross-slip of the dislocations 

is slowed by increased dissociation, which slows healing Solutes also segregate to the GBs, 

resulting in a reduction in GB mobility and a delay in recrystallization. 

 

d) Dispersion Strengthening 

The existence of tiny particulates having a low solvability in solid Al, is referred to as 

dispersion. In the 3000 and 5000 series alloys, Al6Mn and Al3Fe particles are widely used to 
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adjust grain size. They usually form at a temperature just below melting and can be coalesced 

by heating near that temperature. Producing very tiny eutectic rods (0.2 µm) such as Al3Fe by 

severe heat break up and distribute the rods as equiaxed particles can create effects similar to 

this. As the dispersed particles have a low solubility up to 400°C, they can improve creep 

resistance and do so for longer periods of time due to lower diffusion rates of the fundamental 

constituents. Large component particles (>2 µm) of impurities Fe and Si with Al and other 

alloying elements may develop with random distributions during solidification in DC casting. 

These are harmful stress raisers that diminish toughness rather than providing good 

strengthening. 

They can be decreased by better controlled composition and are largely eradicated by 

atomized powder compaction. Rapid Solidification Processing (RSP) can convert transition 

metal hypereutectic liquid solutions into very thin particles or ribbons with high densities of 

dispersed particles, with cooling rates up to 106 K/s preventing segregation. Controlled heating 

during powder consolidation results in the creation of dispersed particles of appropriate size 

and dispersion. In a different method, inert particles with the specified composition, size, and 

volume fraction are mixed with powder particles of any common alloy. After mixing, these are 

frequently ball milled for even distribution and hammered for intimate contact. 

e) Precipitation Strengthening 

This is most likely the most well-known and distinctive procedure of hardening various 

series of Al alloys, such as the 2XXX, 6XXX, 7XXX, and 8XXX [106] . Solution treatment is 

used to dissolve the individual constituents that will go into the precipitates, followed by 

subsequent quenching to keep them in solution and a large concentration of vacancies. The 

components may be final shaped or straightened with the strain adjusted to help the final step, 

with the strength only slightly enhanced. Aging, which is most usually done artificially at 

temperatures between 130°C & 190°C, results in a succession of coherent zones of increasing 

size (0.01 m), hardness, and spacing, as well as a fall in hardness. 

Finally, as dislocation loops form around the particles in the Orowan process, the 

precipitates become noncoherent, resulting in decreased yield strength but significant strain 

hardening. In the 6000 and 2000 series alloys, the existence of a dislocation substructure 

improves precipitate distribution, but not in the 7000 series. Extrusion processing can be used 

to achieve solution with rapid cooling at the die exit for the 6000 series; the substructure and 

texture are kept to add to the strengthening created by T5 age hardening. 
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2.6 Constitutive modeling on hot deformation of Al alloys 

Determining the constitutive relationship for the material is one of the most difficult 

aspects of thermo mechanical modelling of the extrusion process. Most techniques of 

modelling and simulation for hot working research and control of metals require constitutive 

equations[6], [110]. Constitutive equations, which correlate flow stress, strain rate, and 

temperature, can be used to simulate the mechanical behavior of pure metals and alloys under 

heat. Uniaxial compression testing at a variety of temperatures and strain rates is commonly 

used to determine the values of the variables in these equations. Various constitutive models 

have been developed in earlier papers to predict the constitutive behavior of a wide range of 

metals[111]–[115]. The exponential model introduced by Sellars and McTegart[116], which 

Rokni and Zarei-Hanzaki[114]  adapted for several temperature ranges, is one of the most well-

known and extensively used models of constitutive equations under hot working conditions 

[114], [115]. The flow stress of the material is described by this model as a hyperbolic sine-

type Arrhenius-type equation. It can be used to treat a variety of stress. 

In the hot deformation process, optimal processing parameters can increase material 

properties [117]. Many factors influence the  flow of material during the deformation process, 

like deformation temperature, strain, strain rate, friction, and so on, all of which affect the 

characteristics of the deformed specimens [118]. As a result, the processing conditions used 

during hot deformation must be tuned in order to obtain not only the final shape, along with 

the needed characteristics and microstructure in the deformed material [119]. Metallurgical 

phenomena such as Work Hardening, Dynamic Recovery, can impact the flow behavior, 

microstructure, and energy required for deformation during hot deformation [120], [121]. As a 

result, various researchers [122], [123][124] studied Al-alloys to better understand hot 

deformation behavior during compression at high temperatures. The microstructure evolution 

of 7050 Al-alloy under deformation at increased temperature was studied by Li et al.[125] , 

who discovered that the presence of DRV and DRX contributed to metal flow softening.  

The flow stress of 4032 alloy decreased with increasing temperature and decreasing 

strain rate, according to the real stress–strain curves. Scanning electron microscopy and 

transmission electron microscopy were used to view and analyze the alloy's microstructural 

evolution during hot deformation. The findings of the experiments revealed that Si particles 

did not engage in deformation and that dynamic recovery was the predominant softening 
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process. In addition, the hyperbolic sine function can be used to describe the hot deformation 

behavior of the 4032 alloy[126]. 

On the Gleeble-1500 thermal simulation machine, hot compression tests of 

homogenized 7050 aluminium alloy were performed, and the microstructure was investigated 

using electron back scattered diffraction and transmission electron microscopy. The Zener–

Hollomon equation with activation energy of 160.3 kJ/mol was shown to lower peak stress 

levels as deformation temperatures or strain rates increased. The results showed a steady 

decrease in very low angle boundaries, exhibiting a disorientation between 2 and 5, associated 

with substructure, as Z values decreased, and a steady increase in other higher angle 

boundaries, especially with disorientation angles between 30 and 60, associated with 

substructure[127] 

Because of its high mechanical qualities, stress corrosion resistance, and welding 

properties, a 2519 aluminium alloy is widely employed as a structural material in many 

industries (such as aviation and rocket launching systems)[128], [129] . The alloy's micro-

alloying, strengthening methods, and thermo mechanical treatment have all been extensively 

researched. A systematic investigation of the effects of yttrium (Y) inclusion on the 

precipitation hardening and mechanical properties of 2519 aluminium alloy at extreme 

temperatures was recently published[130]. The inclusion of Y boosts tensile strength at both 

room and higher temperatures, according to the study. The high density of fine θ precipitates 

and the AlCuY intermetallic complex with good thermal stability are responsible for the 

increased strength of 2519 aluminium alloy. 

Complex plastic deformation prior to age, incorporating both cold rolling and 

stretching, rather than stretching alone, is beneficial for stress corrosion cracking resistance, 

according to Dymek and Dolla [129]. At higher temperatures, the flow curves tend to exhibit 

steady state flow, and it's essentially a dynamic competition procedure between working 

hardening caused by dislocation reduplication, pile up, and tangle, and softening caused by 

dislocation rearrangement and the counteraction of unlike dislocation. This type of flow pattern 

is typical of hot working with DRX [131]. Flow stress levels are shown to be dependent on 

deformation temperature and strain rate, with flow stress increasing as deformation temperature 

decreases and strain rate increases. Compression tests on the solution-treated ZL109 alloy were 

carried out at temperatures ranging from 250 to 450 degrees Celsius and strain rates ranging 

from 0.0005s-1 to 0.5s-1. On the basis of flow stress data obtained as a function of temperature 
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and strain rate, a processing map was developed, revealing two domains of hot working for the 

alloy: one is located between 270°C and 340°C with strain rate between 0.05s-1 and 0.5s-1, and 

the other is located between 380°C and 450°C with strain rate between 0.0005s-1 and 0.004s-

1.[132] 

Hot deformation compression tests were used to assess the hot flow stress behavior of 

three Al-Mg-Si alloys at temperatures ranging from 400 to 550 °C and strain rates ranging from 

0.01 to 10 s1. Constitutive parameters for predicting the hot flow stress behavior of these 

distinct alloys were established using the hyperbolic sine constitutive model. The impact of 

chromium (Cr) addition and increased Mg-Si concentration on average steady-state flow stress, 

constitutive, and strain rate sensitivity (m) parameters was investigated. The alloy having 0.2 

wt percent Cr had a higher average steady flow stress when deformed at low strain rates (0.01s1) 

than the alloy with equal Mg-Si concentration but no Cr addition. A decrease in the strain rate 

sensitivity parameter (m) and an increase in the activation energy for hot deformation were 

noticed with the addition of 0.2 wt percent Cr and an increase in Mg-Si content. By comparing 

the predicted and experimental flow stress behavior of alloy under deformation settings other 

than the temperature and strain rate conditions used to build the model parameters, the 

predictive accuracy of the developed models was demonstrated. The results show that the 

created model can accurately forecast alloy behavior at strain rates and temperatures that are 

outside of the model's development range, such as when the activation energy for hot 

deformation increases[133]. 

2.7 Modeling microstructure evolution during hot deformation of aluminum alloys 

The microstructure development of the material during forming processes must be 

studied in order to obtain the material behavior of the final product. The constitutive model 

relationship is frequently used to explain any alloy's plastic flow features. As a result, in 

commercial hot working applications, certain constitutive models of materials have been 

utilized to describe the sensitivity of the flow stress and microstructure to the forming 

temperature, strain, strain rate, and Initial Preform Relative Density (IPRD). Mechanical 

qualities such as strength and hardness have an impact on the end product's productivity and 

longevity. The grain size of the distorted materials can influence these mechanical properties. 

As a result, understanding the relationship between process parameters and grain size effect 

during hot deformation is critical for metal forming process designers. In general, 

phenomenological models and physically based models are used to simulate microstructure 
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evolution during forming processes [134]. The final state of the recrystallized structure is 

described in phenomenological models in a post-processing procedure without taking into 

account any microstructure evolution laws. 

To determine the recrystallized grain size, the empirical Johnson–Mehl–Avrami–

Kolmogorov (JMAK) relation is often utilized[135], [136]. For most solid state 

transformations, the JMAK relation for nucleation and growth transformations works quite 

well. The use of quantitative models capable of reliably predicting the effect of process 

parameters on the result can be used to control the microstructure, texture, and characteristics 

of a material during a thermo-mechanical process [137]. Many different ways to modelling 

microstructure evolution during and after heat deformation have been presented. Empirical, 

state variable, statistical approaches, Monte Carlo methods, and cellular automata methods are 

examples of these. 

Microstructure modelling during hot deformation can be done on two levels: at the 

macro level, where microstructure models are utilized for post-processing of thermo-

mechanical history, and at the micro level, where microscopic models are used to model 

microstructure during hot deformation [138]. The bulk of microstructure models for hot 

deformation of aluminium alloys involve only dynamic recovery and static recrystallization 

following deformation. Although, attempts to simulate recrystallization, following extrusion of 

2XXX, 6XXX, and 7XXX aluminium alloys have been made [139]–[144] no microstructure 

models for extrusion of Al-Si-Mg alloys have been attempted yet. 

If the existence or lack of deformation (i.e. strain rates) is related to the beginning of 

dynamic or static recrystallization mechanisms, the dynamic recrystallization mechanism is 

tightly related to the kind of material: Low stacking fault energy materials promote traditional 

dynamic recrystallization, DRX (nucleation and growth of new undeformed grains during 

deformation, as seen in pure aluminium), whereas high stacking fault energy materials (such 

as aluminium alloys in the 6XXX series) exhibit different behaviors. 

The microstructure of aluminium billets extruded at high temperatures is influenced by 

the alloy, as well as the forming and temperature history. It is becoming increasingly important 

to forecast grain size and precipitation for an optimal process design by adjusting parameters 

like ram speed, extrusion temperatures. This research examines the microstructure during the 

extrusion process of AA6060, AA6082, and AA7075 alloys to provide references for 

microstructure prediction based on material flow, as well as strain and strain rate history. Billets 
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were partially extruded into circular profiles. Furthermore, based on macro etchings and visible 

microstructure, these billets have been examined to indicate flow of  material, DRX and SRX, 

and metallographic features under various conditions, such as near the dead zones in the 

extrusion die at various strain rates.[145] 

Experimental observations and numerical analysis are used to explore the grain size 

and shape evolution of 6XXX aluminium alloys during hot metal forming procedures. To 

mimic grain evolution during deformation and subsequent static recrystallization, a unified 

model is built. To begin, an experimental set was built to replicate a small-scale direct extrusion 

in order to find grain deformation modes and empirical equations that characterize the 

evolution. The equations were then linked to modified formulations of static recrystallization 

found in the literature, and user-routines were used to implement them in the Lagrangian FE 

program Deform. The created model calculates all phases of the phenomenon in an original 

way, taking into account not only the static recrystallization but also the prior deformation 

phase. The effects of geometric dynamic recrystallization, the influence of sub grain size, the 

distribution of dislocation densities, and the stored energy on succeeding grain static 

recrystallization were studied[146]. 

This article looked at the flow lines, microstructure, and mechanical properties of a 

flow control formed (FCF) 4032 aluminium alloy scroll plate. Back pressure's effect on the 

formation process was studied, and a scroll plate with optimum shape and size precision was 

created. The results demonstrate that increasing back pressure improves scroll wrap creation 

while increasing effective stress and extrusion load rapidly. The use of specific levels of back 

pressure is limited. The flow lines are commonly distributed along the scroll plate's form. 

Formed scroll plates were studied for their microstructures and mechanical qualities. The Al 

grains are extended in the extrusion direction, and the microstructure in the core of the scroll 

wrap demonstrates clear directionality. Because of the low degrees of deformation, the 

microstructures of the end plate and top part of the wrap maintain cast structures[147]. 

True stress true strain curves of 6082 aluminium alloy were generated using high 

temperature compression experiments at temperatures ranging from 460°C to 560°C and strain 

rates ranging from 0.01 s-1 to 10 s-1. On the basis of the - curve, the effects of deformation 

temperature and strain rate on the microstructure are explored. The dynamic recrystallization 

critical stresses of the 6082 aluminium alloy model were determined. Lower strain rates were 

found to be beneficial in increasing the volume fraction of recrystallization, but the average 
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recrystallized grain size was coarse; high strain rates were found to be beneficial in refining 

the average grain size, but the volume fraction of dynamic recrystallized grain was less than 

when low strain rates were used. As the dislocation density was lowered and the driving power 

for recrystallization was reduced, coarse grains persisted. The recrystallization critical point of 

6082 aluminium alloy during thermal deformation may be accurately predicted using a 

dynamic recrystallization critical strain model and thermal experiment findings[148]. 

This report shows findings from a research of Al-2wt percent Si-5wt percent Mg and 

Al-4wt percent Si-5wt percent Mg alloys produced by conventional casting and ultra-refining. 

The results are compared to those of a commercial Al-7wt% Si-05wt% Mg alloy. Also shown 

is the material's morphological progression while re-heating to generate solid fractions of 45 

and 60 percent in four different holding durations of 0, 30, 90, and 210 seconds. After re-

heating, Rheocast Quality Index (RQI) and Shape Factor (SF), parameters that serve to measure 

the efficiency of the treatment globularization to generate semi-solid structure with globular 

structure, were conducted. The morphological evolution of the structure revealed that 

increasing the holding period resulted in a small increase in the globule size. For alloys with a 

high proportion of Si, the RQI values show little morphological variation in the treatment of 

globularization, indicating alloys with a low amount of Si[14]. As a result, it's critical to look 

at microstructural evolution and modelling in order to predict DRX grain size by taking into 

account variables like temperature, strain rate, and the impact of porosity. 

2.8 FEM aspects in deformation 

Extensive technological trials are frequently used to optimize process parameters for 

extrusion. The Finite Element Method (FEM) is a computer simulation technique that can be 

used to forecast the best temperature-strain rate conditions in extrusion. In 1941-1942, the first 

attempt to return FEM data to work was made. It was improved and given a mathematical 

formulation [149] after decades of development. FEM is a numerical technique that was first 

used to examine the behavior of structures for diverse real-world applications in structural 

mechanics [136]. Forging and die forging [150], [151], hot rolling [152], [153], and hot 

extrusion[154]  have all been effectively simulated using FEM. Many studies have utilized 

FEM models to investigate physical and mechanical characteristics, recrystallization 

prediction, and grain size evolution in recent years [155], [156]. Nowadays, the FEM technique 

has progressed to the point that it can be used to analyze, forecast, and simulate the 

deformation, friction, and densification behavior of materials in a variety of metal forming 



35 

 

processes. It has advanced the level of engineering design by saving time, effort, and money in 

the production of final engineering goods. 

DEFORM is a dependable and useful computer program for simulating complex metal 

forming operations. The following are three key components of the DEFORM software: 

Pre-Processor: is an interactive tool that prepares input data for analysis and guides 

users through the simulation process. It includes: a) an interactive data input and verification 

model that includes die surface description, material properties, interface properties, and FEM 

meshes for the dies and workpiece, b) an automatic mesh generating program, and c) an 

interpolation module; and d) an automatic mesh generating program. 

The simulation engine: To address the problem, it uses numerical calculations. The 

basic constitutive equations and boundary conditions can be changed to non-linear equations 

in the simulation engine by using FEM discretization, according to Kodayashi et al. [282]. 

After solving the problem using data from the data base as input, the answer data is saved in 

the database and presented or plotted using the post processor. 

Post processor: It shows contour plots of field variables, velocity, stress, strain, strain 

rate, density, damage, and temperature, as well as load-stroke curves, in a graphic or 

alphanumeric form. The "flow net" module is also used to compute and display the flow path 

of a specified element, as well as the "fibre" or grain flow in the work piece. 

This paper presents an experimental–numerical technique for forecasting the 

recrystallized structure in aluminium extrusion, as well as its confirmation. The strategy is 

broken down into three steps: in the first, the evolution of the microstructure of an AA6060 

alloy during deformation was investigated using a small-scale laboratory test, with processing 

parameters chosen to mimic typical industrial conditions. The investigation of microstructure 

evolution after heat treatment (550°C for 30 minutes and 180°C for 10 hours) was performed 

in the second step, with the results being utilized to fit a recrystallization model to be applied 

within the Deform FEM code environment. The simulation results are then compared and 

discussed with the experimental grain size distribution examined on the extruded remainder in 

the third phase. A mean inaccuracy of 12% was discovered, with a maximum divergence of 

57%, resulting in an intriguing agreement with the experimental results. The most significant 

differences are frequently found at the lowest temperatures and in the higher sections of the 

cups, where tool misalignment might result in homogenous deformation [157] and, as a result, 

a non-symmetric wall thickness distribution in the specimens. 
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The FEM approach was used to numerically model the densification process of Fe/Al 

composite powders exposed to uni-axial die compaction. The overall relative density and 

compaction pressure of compacts with varied Al concentrations were first determined. The 

effects of compaction pressure on the aforementioned properties with a fixed Al content were 

then discussed. In addition, the flow characteristics of the composite powders during 

compaction were studied in depth. When the Al content is fixed, higher compaction pressure 

can lead to composite compacts with higher relative density [158], and (1) the equivalent Von 

Mises stress in the central part of the compact increases gradually; (2) the relative density 

distribution tends to be uniform. 

Using the commercial finite element (FE) tool ABAQUSTM, a mathematical model was 

created to predict the through-thickness thermal and deformation history of a sheet undergoing 

single stand hot rolling in this study. To forecast the evolution of the material stored energy 

and subsequent recrystallization after deformation, a physically based internal state variable 

microstructure model has been introduced into the FE simulation for an AA5083 aluminium 

alloy [157]. Experimental measurements of an AA5083 aluminium alloy were used to validate 

the microstructure predictions. Under a variety of industrially relevant hot deformation 

circumstances, the model was able to forecast the fraction recrystallized as well as the 

recrystallized grain size quite well. To investigate the impact of modifying the material 

constants in the microstructure model and deformation circumstances on the expected 

recrystallization behaviour, a sensitivity analysis was performed. The most sensitive process 

parameter, according to the investigation, was the entrance temperature. 

The purpose of this research was to look into the dynamic recrystallization of a novel 

Al-2.8Cu-1.4Li alloy [158]. To identify material constants for empirical models, isothermal 

compression tests were performed at a temperature of 643 K to 723 K (370 °C to 450 °C), a 

strain rate of 0.001 to 1 s-1, and a deformation degree of 20 to 50 pct. The effect of initial grain 

size on microstructural evolution was studied using different holding durations ranging from 

10 to 30 minutes. The constitutive model and dynamic recrystallization mathematical model of 

Al-2.8Cu-1.4Li alloy were developed based on the results of stress-strain curves and 

metallographic research. The microstructural change during hot upsetting was simulated using 

a coupled thermo mechanical FE method combined with a dynamic recrystallization model. 

The predicted and experimental results were found to be in good agreement. 
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The investigation on flow behavior of metals in extrusion billets is essential for 

comprehending extrusion technology. The behavior of extrusion billet skin and product 

microstructure must be investigated in order to maintain extrusion quality. Experimental and 

Finite Elemental analysis of clad billet extrusion were carried out to investigate the behavior 

[159]. The experimental and analytical results of billet skin deformation were very close. The 

deformation of the skin and its penetration into the billet are affected by friction between the 

back end of the billet and the ram. Second, the microstructure of an extruded product may be 

predicted, as well as the state of recrystallization and grain refinement. The flow of skin 

material is unaffected by temperature distribution. The skin material flow is affected by the 

friction coefficient between billet and ram. Because the skin glides at the ram's surface, skin 

material flow is faster when the friction coefficient is exceptionally low. To increase the yield 

rate, it is preferable to make the material skin move somewhat across the ram surface. 

Recrystallization is linked to the distribution of strain rates. If the strain rate is not greater than 

6.5 /s when the ram speed is chosen, no recrystallized structure will be obtained. The size of 

recrystallized grains has been linked to strain distribution. The region where the strain exceeds 

3.7 is recrystallized with a single grain size. 

Using FEM, Xinjian et al.[160] investigated the effect of process factors on the 

occurrence of surface fractures. According to the simulation results, a larger extrusion ratio has 

a greater impact on the start of surface cracks. With rising billet temperature, temperature 

difference between die and billet, and ram speed, surface fracture propagation increased as 

well. Marin et al.[161]  used FEM to investigate the effect of temperature on the extrusion 

process. The findings showed that the optimum temperature values for die and billet allowed 

for an increase in extrusion process efficiency while also improving final product quality. The 

isothermal extrusion method ensures that characteristics are distributed uniformly throughout 

the extrudates. Xinjian et al. [144] also stated that using FEM to design extruded profiles is a 

very efficient and effective method, and that using a single temperature setting during 

simulation resulted in homogeneous microstructure and mechanical properties during the 

extrusion process. Transient finite element simulation was used to find the optimal combination 

of process parameters for isothermal extrusion of Al alloys  

 

2.9 Machine Learning models for phase identification 
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Aluminum alloy is frequently utilized in manufacturing industries such as aerospace, 

automobiles, and chemicals as the chosen metal material for lightweight [162]. Low density, 

high tensile strength, and high elongation are all characteristics of the 6-series aluminium alloy 

mentioned in this work. The distribution, shape, and size of microstructures all influence these 

qualities. These microstructures are visible in the metallographic image captured by the 

microscope. As illustrated in Fig.2.3, the aluminium alloy metallographic picture consists of 

the foreground (microstructure) and background (aluminium phase). The goal of 

metallographic image segmentation for aluminium alloys is to accurately distinguish and 

segment the microstructures from the given image pictures of metallography However, 

segmenting the microstructures is extremely difficult due to the extreme variety of aluminium 

alloy microstructures. The largest microstructure has a surface area of around 7330 pixels, 

while the smallest microstructure has a surface area of only 60 pixels, as shown in Fig. 2.3. 

Furthermore, microstructures come in a variety of forms. Recently, a growing number of 

academics have begun to focus on the problem of aluminium alloy metallographic picture 

segmentation. For metallographic images, a variety of segmentation approaches have been 

developed. 

 

Fig. 2.3: Microscopically observed metallographic image (left), local expanded maps for 

microstructures (middle), and expert ground truth (right). 

Image processing segmentation methods, machine learning segmentation methods, and 

deep learning segmentation methods have all been classified thus far. For example, Campbell 
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et al.[163]  used a cascaded rule to segment microstructures in SEM and optical microscope 

pictures, which included filtering, watershed transform, region merging, and phase separation. 

Sun et al.[164]  suggested a segmentation rule for grains and their borders in metallographic 

pictures by combining double-threshold binarization and morphological transform. These 

predefined guidelines are advantageous. The design of the established rules, on the other hand, 

may result in incompatibility between the fixed rule and the dynamically input metallographic 

images. That is, the rule is predefined and cannot be changed in response to input feedback. 

Machine learning metallographic segmentation methods convert the segmentation 

challenge into a classification task and learn classifiers from a set of features and labels, 

removing the issue caused by image processing methods. Support vector machine (SVM) 

[165], multilayer perceptron [166], neural network [167], and optimum-path forest are some of 

the most often used classifiers in machine learning approaches. 

Due to their excellent ability to learn discriminable features , deep learning has 

dramatically enhanced machine learning and achieved amazing results in picture segmentation 

[43][46]. More and more deep learning metallographic segmentation algorithms have been 

presented in recent years [47][48]. Although these metallographic image segmentation 

methods have shown to be effective, model learning often necessitates a significant number of 

pixel-level labelled pictures. This pixel-level classification activity frequently necessitates the 

time and effort of experts. Existing deep learning metallographic segmentation approaches face 

significant hurdles as a result of this circumstance. Such a problem configuration falls within 

the category of semi-supervised learning in machine learning[168] . 

Semantic segmentation is a common problem in computer vision, and it's being used in 

a variety of applications such as self-driving cars and virtual reality. For microstructure 

segmentation, traditional segmentation methods such as thresholding or the watershed 

algorithm are not as precise. Convolutional neural networks (CNN) are frequently utilized in 

image processing and analysis, such as picture segmentation and detection. As a result, they've 

become the cutting-edge method for working with photos. Convolutional, activation, and 

pooling layers make up the majority of CNN architecture. The layers are placed one on top of 

the other in a pattern that repeats. 

Advanced CNN models take care of the work of finding features and associating them 

to the desired output variable automatically. Manual interaction is not required to quantify any 
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features, removing a key source of bias. It can be extremely useful in cases involving complex 

microstructure aspects. 

Qui et al [169], using tailored approaches and machine learning techniques, the 

microstructures of Al-Si-Mg casting alloy were classified at varied cooling rates. The 

mechanical characteristics of the samples improved slightly as cooling rates were increased. 

Because of the identical cooling speeds, the microstructures of the samples were similar. The 

program was used in conjunction with user-modified machine learning algorithms to get high 

categorization rates of around 80% to 90%. The effect of the number of photos in training data 

on classification rates was investigated, and an appropriate number of images for training in 

the machine learning process was discovered. 

The authors [170] suggest a hierarchical parameter transfer learning approach for 

automatic microstructure segmentation in aluminium alloy micrographs, which is a 

generalization of the traditional parameter transfer method. Multilayer structure, multinetwork 

structure, and retraining technology are used in the suggested method. It can take full advantage 

of the benefits of various networks and transfer network parameters in order of high to low 

transferability. A number of experiments are presented to demonstrate the efficacy of the 

proposed strategy. The solution outperforms four common segmentation methods with a 

segmentation accuracy of 98.88 percent. 

A new metallographic picture instance segmentation framework was developed, which 

can attribute each pixel to a physical instance of a microstructure. The authors[171] employed 

Mask R-CNN as the basic network in this framework to complete the learning and recognition 

of an aluminium alloy microstructure's latent feature. Meanwhile, five distinct loss functions 

based on this architecture have been built, and their impact on metallographic picture 

segmentation performance has been compared. Several tests were carried out to ensure that the 

suggested framework was effective. Six alternative evaluation criteria were compared and 

studied in these trials, and constructive ideas for the evaluation of performance metrics of the 

metallographic image segmentation approach were presented. The proposed approach may 

achieve instance segmentation of an aluminium alloy metallographic image, and the 

segmentation results are acceptable, according to a large number of experimental findings. 

2.10 Limitations in the literature survey 

A few of the existing gaps in the literature are mentioned below as 
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1) Semisolid processing of Al alloys starting with powder metallurgy route has been 

rarely performed. 

2) Conventional aluminium alloys like A356 and A357 have been studied extensively 

but no focus has been given for other Si compositions. 

3) Semisolid works concentrating on the solidus temperature range are limited. 

4) Microstructure modelling on the extrusion process has been sparse throughout the 

literature. 

5) FE analysis on compaction and extrusion of porous materials has been few. 

6) Machine Learning based Prediction Models are few or nil in the Thixo Extrusion of 

Al-Si Alloys 
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Chapter 3 

Experimental Methods and Characterization Techniques 

3.1 Introduction 

This chapter discusses the experimental setup and equipment used in the present 

research. The details of the equipment as well as the specifications used for manufacturing, 

material selection, sample preparation, hot extrusion testing, metallurgical examination using 

optical microscopy, and scanning electron microscopy (SEM) and estimation of mechanical 

properties are presented. 

3.2 Materials Selection 

The materials selected for the present investigations were pure aluminum (Al), silicon 

(Si) and magnesium (Mg). Al and Mg powder with 99.9% purity with a maximum of 0.5% 

insoluble impurities and Mg powder with 99.96% purity with a maximum of 0.5% impurities 

were supplied by Alfa Aesaer, USA. The mesh sizes of Al, Si and Mg were ~ 325, ~ 200 and 

~ 36, respectively. The main reason for choosing these materials was the extensive use of their 

alloys / composites in numerous structural applications such as aerospace, automotive, defense, 

transportation, construction, architecture, etc. In addition, literature studies pertained to the 

deformation and densification of the selected materials are scarce. P / M processed components 

have a higher practical and industrial importance than the corresponding wrought materials 

with the same composition. In general, the morphology of the raw powder plays a crucial role 

in the development of the mechanical properties of materials produced by the P / M process. 

Therefore, micrographs of Al, Si and Mg powders are shown in Fig. 3.1, 3.2 and 3.3. Al and 

Si powders consist of particles with a semicircular, spherical and irregular shape. The average 

particle size (D) of Al was 45 µm (Fig. 3.1) and that of Si 15 µm (Fig. 3.2). Due to the 

mechanical grinding process, Mg powder particles look like a flaky morphology with an 

average particle size (D) of 147.0 µm (Fig. 3.3). 
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      Fig. 3.1 SEM image of Aluminium powder     Fig. 3.2 SEM image of Silicon powder 

 

  

 Fig. 3.3 SEM image of Magnesium powder 

3.3 Specimen preparation 

3.3.1 Mixing 

The required mass of Al, Si and Mg powders was accurately weighed using an 

electronic mass balance (0.01 mg repeatability) and mixed in a mortar and pestle manually 
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obtain a homogeneous mixture. Aluminum powder was mixed with Silicon (1%-7% by weight) 

and magnesium (0% by weight, 0.2% by weight, 0.4% by weight, 0.6% by weight and 0.8% 

by weight) powder to create light and strong aluminum-based powder metallurgical alloys. The 

homogeneous powder mixture has the advantage that the sinterability of the powder is 

improved and the ejection of the pellets is made easier. 

3.3.2 Hot Compaction 

Among several compaction methods, uniaxial compaction has been used to produce 

powder compacts because it is by far the most economical and important method. Uniaxial 

compaction involves compressing a powder mixture within a mold cavity by the action of an 

upper punch at a constant speed while the lower punch remains fixed. Fig. 3.4 shows the image 

of the uniaxial compaction experimental setup used in the current work for sample preparation. 

A hydraulic press with a capacity of 25 tons from Kimaya Engineers, India, was used to 

produce Al-Si-Mg pellets. In this procedure, the required amount of the Al-Si-Mg powder 

mixture was properly poured into the die with the lower punch inserted from the lower part of 

the die and the upper punch inserted from the upper side. All green compacts were compacted 

by applying the recommended compacting pressure of 450 MPa heated to temperature of 570oC 

and then held at this temperature for about 60 min and finally furnace cooled with the die 

assembly to obtain compacts with initial preform relative densities (IPRD) of around 90%, 

respectively. Cylindrical hot compacts with an aspect ratio (diameter 15 mm and height 15 

mm) one were produced to obtain good dense compacts. Molybdenum Disulphide was applied 

to the walls of the die to minimize frictional effects between metal powder and die during 

compaction. After the hot compacting step was completed, the green compacts were carefully 

ejected from the die by turning the die upside down and applying an ejection load in the range 

of 50 MPa to 80 MPa. Molybdenum disulphide should decompose during the sintering cycle 

due to the low operating temperature / melting point, and small residues of Molybdenum 

disulphide that remain after sintering do not impart any appreciable effect to the end parts. Fig. 

3.5 shows the press die, punch and piston made of high-strength tool steel with a diameter of 

15 mm, which are used to manufacture powder compacts for hot extrusion tests. The green 

compacts were hot compacted at 510 ° C., 530 ° C., 550 ° C. and 570 ° C. with a heating rate 

of 10 ° C./min in the oven for 1 hour before cooling. The compacts were then allowed to reach 

room temperature in the oven after completion of the sintering schedule. Fig. 3.6 shows the 

images of Al-Si hot compacts 
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Furnace specifications: 

Inner diameter: 50-70 mm 

Maximum temperature: 600 °C 

Working temperature: 500 - 600 °C 

Power requirement: 3 kW 

Voltage: 220 V/ Single phase/60/50 Hz 

 

Fig. 3.4: Hydraulic press with furnace 

 

Fig. 3.5: Images of die  punch setup 
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Fig. 3.6: Al-Si hot compacts 

 

 

3.4 Differential thermal analysis (DTA) 

 The semi-solid forming process requires 60-80% of the solid content to produce the 

best quality products. The solids content of a material has a significant role that affects the 

viscosity of the semi-solid slurry. The end product of the semi-solid extrusion coexists between 

solidus and liquidus temperatures. Therefore, DTA was used to determine the solidus and 

liquidus temperatures and the solidification interval of the Al-Si-Mg preforms. Samples 

weighing 15 mg were cut and placed in the alumina pan in a nitrogen gas atmosphere. The 

samples were then heated between 200 ° C and 700 ° C at a rate of 2.5 K / min. The curve 

obtained by DTA was used to calculate the change in solid-liquid proportions with temperature. 

The semi-solid extrusion tests were carried out in the temperature ranges between solidus and 

liquidus temperatures, which were obtained from the DTA studies, in order to have a minimum 

to maximum range of solids content in the specimens. The percentage of solids at any given 

temperature within the freezing limit is given by the Scheil equation. Fig. 3.7 shows the photo 
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of the DTA instrument from Ametek Scientific Instruments, USA (software: Versa Studio 

2.52.3). 

 

Fig. 3.7: Photograph of TG/DTA equipment 

 

3.5 Semi-solid extrusion/Hot extrusion test 

Semi-solid extrusion tests were conducted to understand the effect of the solid content 

and the liquid content in the preforms during deformation, and the effect of strain rate on the 

specimens. A sequence of semi-solid extrusion tests were conducted using a hydraulic press 

with a capacity of 50 tons supplied by SVS Hydraulics (P) Ltd, Hyderabad, India. First, semi-

solid extrusion tests were carried out on optimized Al-4% Si  P / M preforms in the temperature 

range between solidus (550 °C) and liquidus (600 °C) temperatures, which were found from 

the DTA experiments and then on Al-4% Si-0.6% Mg P / M preforms . Extrusions of the 

sintered preforms were performed with extrusion ratios of 4, chamber diameter of 15 mm, exit 

diameter of 7.5, contact length of 2.5 mm and approach angles of 60 for 3 different operating 

temperatures of 550 ° C, 575 ° C and 600 ° C, respectively. Fig. 3.8 shows the images of 

extrusion die setup. An incremental load was applied until the sintered preforms were fully 

extruded. The deformation processes were performed by mounting extrusion dies in a split-

type electric resistance furnace equipped on the bed of a hydraulic press. To measure the 

furnace temperature and the billet temperature, two thermocouples were placed in the oven, 
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one of which was placed in the oven and another near the preform. A holding time of 20 minutes 

was observed to allow the granules to globulate and to achieve a homogenous temperature in 

the sample after the required test temperature was reached prior to deformation. The 

deformation load and displacement were continuously monitored by the data acquisition 

system connected to the hydraulic press and the data were recorded after each extrusion test. 

 

Fig 3.8: Extrusion die of ratio 4 and approach angle 60° with plunger  

 

3.6 Development of constitutive equations for modeling 

Warm extrusion tests were performed to analyze the deformation behavior and establish 

a mathematical models to predict DRX grain size for preforms that were deformed at various 

processing temperatures and strain rates. Hot compacted pellets with an aspect ratio (diameter 

15 mm and height 15 mm) were fabricated to attain highly dense compacts. All pellets were 

compacted by applying the recommended pressures to obtain samples with an IPRD of 90%, 

respectively. Before extrusion, sintered preforms were soaked for 30 minutes at a test 

temperature in order to ensure a uniform temperature distribution. All samples were then air-

cooled in order to obtain a uniform microstructure and also to know the degree of deformation 

of the DRX grain size. In order to describe the deformation mechanisms of materials and to 

determine optimal processing sizes, it was essential to examine the constitutive modeling under 

different deformation conditions 

Load-displacement diagrams were obtained using the data logger connected between 

the computer and hydraulic controller unit. Experimental results and constitutive modeling 
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results were compared to observe the correctness of the formulated model for P / M fabricated 

Al-4% Si-0.6% Mg preforms.  

3.7 Microstructural investigation 

Since most of the material's strength results from recrystallization, precipitations and 

dispersoids during the sintering and deformation process, all sintered and extruded samples 

were examined by optical microscopy, SEM / EDS and XRD. Specimens for metallographic 

studies were initially polished with silicon carbide emery paper of various grain sizes. The 

specimens were then polished on a disk polishing machine using polishing cloths of different 

grades and diamond suspensions until they reached a highly polished surface. The polished 

samples were etched in Keller’s reagent for 60 seconds. Optical metallography was performed 

using a Quasmo ISI microscope with a micrometric digital camera (software: Quasmo iview 

3.7) as shown in Fig. 3.9. A VEGA 3 LMU (TESCAN) SEM was used to capture the 

microstructures of polished samples, where it was operated with a beam current of 10 mA and 

an accelerating voltage of 20 kV. Elemental analysis was performed by Energy Dispersive 

Spectroscopy (EDS) supplied by Oxford Instruments, UK (software: INCA 5.03). Fig. 3.10 

shows the scanning electron microscope with EDS connection. 

Microstructure analyzes were carried out using optical microscopy and SEM for 

extruded samples with different regions deformation temperature, strain rate. The grain size of 

all samples was measured using the standard line intercept method. X-ray diffraction (XRD) 

was also used to obtain a qualitative analysis of the phases that exists in the samples. The XRD 

unit equipped with a copper X-ray source (CuK) was operated with a voltage of 45 kV and a 

current of 30 mA. 
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Fig. 3.9:Photograph of optical microscopy 

 

 

Fig. 3.10: Photograph of scanning electron microscope 

 

3.8 Mechanical properties evaluation 

A systematic study was done to determine the structure-property relationship of Al-Si-

Mg-P / M alloys in relation to extrusion temperature and strain rate. Densities of sintered and 

extruded parts were measured according to the Archimedes principle with an error of 1%. The 

Shimadzu micro hardness testing machine (Fig. 3.11) was used to measure the hardness of 

sintered and extruded samples with an applied load of 500 g and holding time of 15 seconds 

(test force time on the sample). 
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Fig. 3.11: Photograph of Microhardness tester 

3.9 Numerical Modeling 

The FEM modeling of hot compaction and hot extrusion tests was carried out with the 

DEFORM 2D software, as shown in Fig.3.12 and Fig.3.13. An axially symmetrical formulation 

of the billet was taken into account for the modeling. A square nodded 2000 elements with a 

size ratio of 3 was used to mesh the billet. An optimized composition was chosen as the sample 

in the present research topic. The diameter and length of the ingot used for all simulations had 

an aspect ratio (diameter 15 mm and height 15 mm). The simulation of the hot extrusion process 

was carried out in DEFORM 2D because it makes sense to simplify the prototype as a flat 

model with 2D axis symmetry. The samples were modeled as porous materials with initial 

relative density as 90% entered as inputs into the model, while the die and stem were set as a 

rigid body. Based on the yield stress curves obtained during extrusion at various deformation 

temperatures, strain stresses and IPRD, the constitutive yield stress equation was created using 

a hyperbolic-sine relationship (Arrhenius equation) and imported into the DEFORM 2D 

software. In all simulations, constant shear friction between tool and work piece and a 

coefficient of friction m = 0.4 between upper tool and work piece and work piece with lower 

tool were assumed. In simulation studies, a nozzle with an extrusion ratio of 4 and an approach 

angle of 60 was used because these gave good experimental results for semi-solid extrusion. 

.In order to verify the experimental results with simulation results, the same deformation 

temperature, strain rate and IPRD were used in simulation studies as in the hot extrusion 

studies. The simulation parameters are shown in Table 3.1. 

 

Simulation parameter  Value  

Temperature of the billet (°C)  550 °C, 575 °C, 600 °C  

Strain rates  0.1s-1, 0.2 s-1, 0.3 s-1  

Extrusion ratio  4  

Die approach angle  60°  

Coefficient of friction  0.4 [172] 

 

Table 3.1: Simulation conditions for hot extrusion 
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Fig. 3.14: FE model for hot compaction        Fig. 3.15: FE model for hot extrusion 

 

3.10 Microstructure Modelling 

The material Al-4Si-0.6Mg alloy powdered compacts were prepared through uniaxial 

hot compaction process to achieve an average relative density of 90%. Relative density of the 

specimens were evaluated using Archimedes principle. Firstly, cylindrical specimens with 

dimensions of 15mm height and diameter 15mm were hot compacted at 5500C. In order to 

model the grain growth, hot compression tests have been performed. Specimens were heated 

to semisolid temperatures namely 5600C, 5800C, and 6000C with a heating rate of 100C/s and 

holding times of 600 s, 1200 s and 1800 s. Following this, the specimens were quenched. 

Secondly, the dynamic recrystallization model has been formulated by conducting hot 

extrusion tests at 5600C, 5800C, and 6000C with strain rate of 0.1 s-1, 0.2 s-1, and 0.3 s-1.The 

extrusion die was a split type with 600 approach angle with an extrusion ratio of 4. Molybdenum 

Disulphide was used as a lubricant to reduce the friction between the walls of the die and work 

piece. The samples were sectioned along the longitudinal axis, ground, polished and then 

etched with Keller’s reagent to reveal the grain boundaries. Optical microscope was used to 

view the grains and the grain size was measured using ImageJ software. The measured grain 

size data were used in the regression equations to predict the dynamic recrystallization 



53 

 

undergone by the samples. Thirdly, numerical simulations were done and the grain size results 

were compared with the extruded grain sizes. 

3.11 Deep learning for phase identification 

In this section, from the microscopic images the features of interest are predicted based 

on deep learning algorithms. Deep learning models can be either supervised (trained by means 

of known values) or unsupervised. Here, the image segmentation part is done by image labeler 

software and analysis has been carried out by various deep learning algorithms. In this 

technique, each image is converted into a labelled image with a label being assigned to each 

pixel such that pixels within the label have similar characteristics. First step in the process of 

classification is feature extraction. Feature extraction involves recognizing the interesting areas 

in the micrograph like particular phases, defects etc. The labelled images are the feature vectors 

that contain the digital information about the image which can be used for training and testing 

process. 𝜶-Al grains (white) are the features of interest excluding the porosity and secondary 

phases (black) in the micrographs. Image datasets used were the micrographs of the extruded 

Al-Si-Mg alloys. The dataset consists of 80 images with the pixel size of 1280 by 960. Masking 

has been done using image labeler toolbox in Matlab software. The new image had a size of 

500×500 pixels. Convolutional Neural Networks takes these masked images as the input and 

uses signal processing operations to encode it into a vector. This vector is utilized by an 

artificial neural network to draw a conclusion about the image content. The architecture of 

CNN called Unet has been utilized in this work. It can be divided into two parts with the left 

side representing the contracting path in which the feature map is encoded by utilizing 

convolution and max pooling operations. The right side represents the expansive path in which 

the feature map is decoded into output segmentation image by up sampling it. By utilizing 

concatenation methods, the feature maps in contraction side are merged with the expansion 

side. One advantage with this model is that it achieves better accuracy even with small datasets. 
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Chapter-4 

 

Mechanical and Metallurgical Studies on Thixoextruded Al-Si alloys 

4.1 Introduction 

The aim of the present work is to study the application of Al-Si Powder Metallurgy 

(P/M) alloy in the thixo extrusion process and to evaluate the properties before and after 

extrusion. Al-Si P/M alloys were prepared for various Si compositions (1%-7%) and Mg 

compositions (0.2%-0.8%). The best among the Al-4Si and Al-4Si-0.6Mg were selected based 

on hardness and density results. Differential Thermal Analysis revealed the solidus and liquidus 

temperatures to be 557oC and 642oC for Al-Si alloy and 564 oC and 636 oC for Al-4Si-0.6Mg 

alloy respectively. Compaction temperature and Holding time studies have been carried out 

and the corresponding optimized parameters are found to be 550oC and 60 mins. 

Thixoextrusion was performed on the hot compacted preforms for three temperatures namely 

560 oC, 580 oC and 600 oC respectively. An extrusion ratio of 4:1, strain rates of 0.1s-1, 0.2s-

1and 0.3s-1 and die approach angle of 60o were used for the tests. Extrudates were divided into 

three regions namely front, middle and end parts to analyze its mechanical and metallurgical 

properties. 

 

4.2 Al-Si alloy 

4.2.1 Optimization of Si Composition 

To find the best Si composition, the mass percentage of silicon is varied from 1-7%, 

while rest of the process parameters was kept constant. Composition above 7% leads to collapse 

of the billet due to high liquid fraction present in the material as suggested by Zoqui[15]. The 

effect of silicon on the relative density of the specimen is shown in Fig. 4.1a. Addition of silicon 

leads to an increase in the relative density up to 4% and then it decreases. This decrease can be 

attributed to the increased liquid content of the specimen. The liquid content being 35.3%, 

43.4%, and 51.6% for 5, 6, and 7 percentages of silicon as predicted by Thermocalc software. 

Fig.4.1b shows the hardness profile for the Al-Si alloys. The hardness of the compacts 

increased with the increasing silicon percentage as expected and there was no significant 

change beyond 4% with only small variations. 
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Fig. 4.1a) Silicon composition vs Relative 

density 

b) Silicon composition vs Microhardness 

 

4.2.2 X-ray Diffraction Analysis 

XRD analysis was done to verify the presence of intermetallic phases in the alloy. It is 

found from Fig. 4.2 that there is no other phase in the Al-4Si alloy except the α-Al phase and 

the primary Si phase. Similar results are found in the study performed by Akyuz B[15].The 

binary phase diagram of Al-Si also confirms the absence of any intermetallic phase. As the 

percentage addition of silicon increases the intensity values also increase which is reflected in 

the XRD pattern. 

 

 

 

Fig. 4.2: X-ray diffraction pattern of Al-Si 

alloy 
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4.2.3 Optical Microscopy and SEM Studies 

Metallographic studies including both optical as well as SEM with EDS have been 

performed. Fig. 4.3a shows the optical microstructure image of the Al-4Si alloy. Conventional 

casting process produces dendrite microstructures which are not favored because of their 

weaker mechanical properties [15]. Alloys prepared through P/M technique have globular or 

near globular structures which are prerequisite for thixo-forming process. Microstructure also 

reveals the presence of α-Al phase (yellow) and the primary-Si phase (grey). Fig. 4.3b shows 

the SEM and the EDS results which also confirm the presence of Al and Si elements in the 

alloy. 

 

Fig. 4.3a) Optical micrograph of Al-4Si alloy b) SEM and EDX graph  of Al-4Si alloy 
 

4.2.4 Differential Thermal Analysis  

DTA analysis was carried out to find the solidus and liquidus temperature of the sample. 

The Fig.4. 4 shows two endothermic peaks at 582oC and 618oC corresponding to the eutectic 

melting peak and the α-Al phase melting peak [15]. Solidus temperature and liquidus 

temperature of the specimen were found to be 557oC and 642oC respectively. 
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Fig. 4.4: DTA curve profile for Al-4Si alloy 

 

4.2.5 Compaction Temperature Studies 

Compaction temperature studies were done for four different temperatures namely 

510oC, 530oC, 550oC and 570oC at a constant holding time of 60 mins.  Fig.4.5a and b show 

the density and hardness graphs for the alloy. Fig. 4.6 shows the optical microstructure images 

of the specimens sintered at 530oC, 550oC and 570oC. Specimens fabricated through hot 

compaction have reduced porosity and with little shrinkage and swelling defects as compared 

to cold compaction and the grain size was also smaller. Specimens sintered at 550oC offered a 

higher relative density of 93% and hardness of close to 50 HV. 

 

Fig. 4.5a) Compaction temperature vs 

Relative density 

b) Compaction temperature vs 

Microhardness 



58 

 

 

   
Fig. 4.6: Micrographs for Al-4Si alloy sintered at a) 530oC b) 550oC c) 570oC 

 

4.2.6 Holding Time Studies 

Similarly holding time studies were also conducted for 20 mins, 40 mins, 60 mins, and 

80 mins at constant temperature of 550oC. The influence of holding time on relative density 

and holding time on hardness of the specimens are shown in Fig. 4.7a and b. Density increased 

with increasing time and showed a sudden peak at 80 mins whereas the hardness corresponding 

to 60 mins showed hardness of around 50HV. Density of the specimen increased because of 

more quantity of liquid filling the pores and thus making the specimen denser. But the 

specimens sintered at 80 mins had a poor surface finish because of powder sticking to walls of 

the die. The microstructure images corresponding to 80 min showed much bigger grains 

compared to 60 mins. Hence, holding time of 60 mins was chosen as the optimum holding 

time. 

 

Fig. 4.7a) Holding time vs Relative density b) Holding time vs microhardness 
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4.2.7 Semisolid Extrusion 

Thixoextrusion was carried out for temperatures of 560oC, 580oC and 600oC selected 

from the TG/DTA results. Extruded specimens were free from surface defects. Specimens 

extruded at 600oC were comparatively longer than the others at 560oC and 580oC because of 

higher liquid fraction in the specimen. Extrusion was performed for three different 

temperatures and three  different strain rates namely 0.1s-1, 0.2s-1and 0.3s-1.The specimen was 

divided into three sections namely front end, middle part and rear end  for analyzing the 

properties at different sections. 

 

The solid fraction present in the specimen for any temperature was calculated by using Scheil 

equation 

fs =1-(Ts-T/Ts-Tl)
(1/1-k)   ----------------------(4.1) 

where k = Partition coefficient = 0.13[173],Ts = Solidus temperature and Tl = Liquidus 

temperature 

 

The corresponding solid fraction present in the specimen according to Scheil equation for 

560oC, 580oC and 600oC are 97%, 77%, 54% respectively.  

Microstructural studies were done on the extrudates along the longitudinal direction as 

well as the traverse direction. Fig. 4.8 shows the microstructure of the specimen along the 

extrusion direction. Elongated grains are present along the extrusion direction which is the 

characteristic feature of extrusion process[174], [175]. However, the grain elongation is not 

uniform throughout the specimen because of the heterogeneous distribution of strain in the 

extruded specimens. Fibrous microstructure is the favored microstructure which can be found 

in the OM images. 
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Fig. 4.8: Optical Micrographs along the extrusion direction of specimen extruded at 580oC 

and strain rate 0.1s-1 a) front end b) middle part c) rear end 

 

Hardness profile along the longitudinal direction fluctuates between 30 HV to 40 HV 

varying all along the length of the specimen. This variation can be attributed to the 

heterogeneity that exists throughout the specimen and the grain size variation between the 

center region and the outer periphery region of the specimen because of the differential strain 

within the sample. Higher hardness values were observed along the middle region whereas 

extreme values were observed at the front end and the rear end of the samples. Hardness values 

were also much lower along the extrusion direction as compared with the transverse direction. 

Fig. 4.9 shows the hardness profile of the extrudate extruded at 580oC and strain rate 0.1s-1 

along the extrusion direction. 

Fig. 4.9: Hardness profile along the length of the 

extrudates extruded at 580oC and strain rate 0.1s-1 
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Microstructural studies on the extruded specimen along the transverse direction were 

done by dividing the specimen into three sections namely front end, middle end, and rear end. 

It is evident from Fig.4.10 that microstructures at the front and middle ends of the specimens 

are almost globular whereas the rear end of the specimen had undergone much higher 

deformation resulting in finer non recrystallised grains[176]. The overall grain size of the 

extruded specimen is smaller than the hot compacted specimen. This globularity is because of 

the spherical grains produced by the powder compaction process. And the reduction in grain 

size was because of the extrusion process. 

 

Fig. 4.10 Optical Micrographs s along the transverse direction of specimen extruded at 580oC 

and strain rate 0.2s-1a)front end b)middle part c)rear end 
 

   
Fig. 4.11 Optical Micrographs along the transverse direction of specimen extruded at 600oC 

and strain rate 0.2s-1 a) front end  b)middle part c)rear end 
 

Surprisingly specimens extruded at 600oC showed a near uniform globular 

microstructure in all the three regions of the extrudate. As the temperature had crossed the 

eutectic temperature and the liquid content in the specimen had also increased due to the 

increased extrusion temperature, a near uniform globular microstructure has been achieved at 

600oC. Also, at 600oC the silicon particles have transformed from flaky morphology to needle 

morphology as evident from the optical micrographs shown in Fig. 4.11. 
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As a result of exchange of heat between the billet material and the die, there is a non-

uniform temperature distribution throughout the specimen which causes the segregation of 

liquid at the front and middle ends of the specimen. Thus, the middle and front ends have 

globular microstructure suggesting that there was no enough liquid content in the rear end of 

the specimen and the grains are formed more under the influence of deformation mechanisms 

suggested by Birol[176]. 

4.3 Al-Si-Mg alloy 

4.3.1 Optimization of Mg Composition 

In order to increase the properties of Al-Si alloys, small amounts of magnesium is 

added. The alloy age hardens and show better properties because of Mg2Si precipitation [177]. 

The maximum solubility of Mg in Al-Si alloys in the presence of Mg2Si is 0.8%. Therefore, 

mass of Mg is varied from 0.2%-0.8% and the better composition is optimized. Relative density 

and Hardness profiles for various composition of Mg are shown in Fig. 4.12a and 4.12b. As 

expected, the addition of Mg decreases the density of the compact compared to the Al-4Si 

alloys. While the Mg composition corresponding to 0.6% mass gives a marginally higher 

density. Similarly from the hardness graph, it was found that hardness values increases with 

the increasing Mg content reaching upto 42 HV which is almost close to the hardness of Al-

4Si alloy (44 HV). An increase in the hardness of the sample can be found because of the large 

number of hard Mg2Si precipitates as the Mg concentration increases. The composition 

corresponding to 0.6% of Mg is selected for further analysis based on the density and hardness 

values. 

 

 

Fig.4.12a) Composition of Mg vs Relative density b) Composition of Mg vs Microhardness 
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4.3.2 Optical Microscopy and SEM Studies 

OM images of Al-4Si-0.6Mg are shown in Fig. 4.13a and 4.13b. The image shows the 

presence of three phases namely α-Al phase (yellow), primary-Si phase (grey) and Mg2Si phase 

(Fade appearance). Unetched image of the compact (Fig. 4.13 b) shows the presence of Mg2Si 

phase in network like form. Coarse network structures which were not found in the Al-4Si 

alloys were observed in this Mg alloy. Ternary Al-Si-Mg phase diagram also has only the above 

mentioned three phases. Further ternary eutectic reaction, L → Al + Si + Mg2Si, also occurs 

under non equilibrium solidification conditions as stated by Hengcheng[178]. Further the 

author also suggests that Mg2Si, grows on the habit planes on eutectic silicon flakes. EDS 

analysis confirm the presence of Al, Si, Mg elements in the alloy. The three-dimensional 

morphology of the eutectic Mg2Si phase in the deep-etched Al-4Si-0.6Mg samples as shown 

in Fig. 4.14 a and Fig. 4.14 b confirms the presence of coarse lamellar structure as found by 

Ke-Yan Wang[179]. 

 

Fig. 4.13 a) Micrograph of Al-4Si-0.6Mg alloy   b) Unetched image of Al-4Si-0.6Mg alloy 

 

Fig. 4.14a) SEM image of Al-4Si-0.6Mg alloy b) EDS analysis of Al-4Si-0.6Mg alloy 
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4.3.3 Differential Thermal Analysis 

Differential thermal Analysis was carried out to find the solidus and liquidus 

temperature of the alloy. DTA graph of Al-4Si-0.6Mg alloy is shown in Fig. 4.15. Solidus 

temperature was found to be 564oC and the liquidus temperature being 636oC with the 

processing temperature range of 72oC. The eutectic temperature of the specimen being 573oC. 

Clearly the addition of Mg has shifted the eutectic temperature of the specimen by 10oC 

compared with the Al-4Si alloy (Fig. 4.4). The peak corresponding to the temperature 624oC 

indicates the formation of α-Al phase. The ternary eutectic reaction involving Al-Si-Mg2Si was 

missing as compared with the cast Al-Si-Mg alloys because the peaks might have overlapped 

with each other as suggested by G.Wang[177]. 

 

Fig. 4.15: Differential Thermal Analysis 

curve profile for of Al-4Si-0.6Mg alloy 

 

4.3.4 Compaction Temperature Studies 

Compaction temperature has to be optimized for better results. So four different 

temperatures namely 510oC, 530oC, 550oC and 570oC are selected which are below the eutectic 

temperature of 573oC. Fig. 4.16a and 4.16b depicts the relationship between the compaction 

temperature and relative density as well as compaction temperature and microhardness of Al-

4Si-0.6Mg alloy. Compaction temperature corresponding to 550oC offered the maximum 

density of 93.5% and hardness of 43 HV. Microstructural studies on the sintered specimens are 

shown in Fig. 4.17. Specimens sintered at lower temperatures had coarse Mg2Si precipitates 



65 

 

(faded appearance) as seen from Fig. 4.17a and b whereas as the temperature nears the eutectic 

limit Mg2Si precipitates are finely distributed throughout the specimen. 

 

Fig. 4.16a) Compaction temperature vs 

Relative density 

b) Compaction temperature vs 

Microhardness 
 

 

Fig. 4.17 Micrographs for Al-4Si-0.6Mg alloy sintered at a) 530oC b) 550oC c) 570oC 
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4.3.5 Holding Time Studies 

Holding time studies were done for different times of 20 mins, 40 mins, 60 mins and 

80 mins at a constant sintering temperature of 550oC. Fig. 4.18a and 18b show the relative 

density vs holding time profile and microhardness vs sintering time profile of Al-4Si-0.6Mg 

alloy. Holding time corresponding to 60 mins gave a high density of 93.5% and hardness value 

of 44HV. Moreover coarsening of grains were observed at higher temperatures. Hence, 60 mins 

was finalized as the optimum holding time. 

 

Fig. 4.18a) Holding time vs Relative 

density 

b) Holding time vs Microhardness 

 

4.3.6 Semisolid Extrusion of Al-Si-Mg 

Semisolid extrusion was done for three different temperatures namely 565oC, 585oC, 

and 605oC respectively. The temperatures were selected so that they fall within the semisolid 

range of the alloy. Generally thixoextrusion should be carried out between liquid fractions of 

0.3%-0.5%. Hot compacts extruded at 605oC have an approximate length of 40-50 mm, while 

585oC fall within the length range of 30-40 mm and the specimens extruded at 565oC have 

much smaller length. The decrease in length is because of the decreased liquid fraction present 

in the material at that extrusion temperatures. Specimens extruded at 565oC are heavily 

deformed as seen from the Fig. 4.19 which implies that the material has offered much resistance 

to the deformation. This is because of the addition of Mg which has increased the strength of 

the alloy which was not the case with Al-4Si alloy. 
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The solid fraction present in the specimen was calculated by using Scheil equation as 

mentioned above in the previous section. Solid fraction corresponds to 565oC, 585oC, and 

605oC are 99%, 75%, and 47% respectively. Microstructural studies on the transverse section 

of the specimens were done. Fig. 4.19 shows the OM images of the front, middle and the rear 

ends of the specimen extruded at 565oC. The front, middle and rear ends all had a fine near 

globular microstructure as seen from Fig. 4.19. This is because of insufficient liquid available 

in the material as evident from the Fig. 4.19 and the heavy deformation process that reduces 

the size of the grains as compared with the compacted specimens. 

Fig. 4.19 Optical Micrographs along the transverse direction of specimen extruded at 565oC 

and strain rate 0.2 s-1 a) front end b) middle part and c) rear end 
 

Fig. 4.20 shows the OM images of the front end, middle and the rear end of the 

specimen extruded at 585oC. As the extrusion temperature is well above the eutectic 

temperature of the alloy and the liquid content in the specimen has also increased, a globular 

microstructure has been achieved at 585oC. Dynamic recrystallization is the reason attributed 

to the globular microstructure because of the specimen being subjected to temperature above 

the eutectic as well as the extrusion process with the ratio of 4:1. The slow cooling rate 

associated with the process and the continuous dissolution of Mg has led to the increased grain 

size as compared with 565oC specimens. 

 

Fig. 4.20 Optical Micrographs along the transverse direction of specimen extruded at 585oC 

and strain rate 0.2 s-1 for a) front end b) middle part and c) rear end 
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The increase in the size of the α-Al phase results from the increased dissolution of 

magnesium from the Mg2Si phase at elevated temperature.  Thus, the amount of magnesium 

left for the crystallization of Mg2Si phase decreases drastically. Fig. 4.21a and b show the SEM 

images of the extruded specimen at 605oC and the EDS results. EDS analysis confirm the 

presence of Si and Mg particles along the grain boundaries. The coarse network shaped Mg2Si 

has been converted into more coral reef like microstructure with fine spheroidal shaped Mg2Si 

particles. Eutectic silicon flakes grows along 111 crystallographic directions as it is the 

preferred direction of solidification. Moreover, eutectic silicon acts as the substrate for the 

crystallization of Mg2Si phase and hence these particles are concentrated along the grain 

boundaries. Also, at 585oC and 605oC the silicon particles have transformed from needle 

morphology to fine spherical morphology as evident from the SEM image. 

 

 

Fig. 4.21a) SEM image ofAl-4Si-0.6Mg alloy 

Extruded at 585oC and and strain rate of 0.2 s-1 

b) EDS result corresponding to fig 4.21 a 

 

 

. 
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4.4. Al-Si alloy vs Al-Si-Mg alloy 

 Fig. 4.22a and b show the variation of relative density and the microhardness of the 

full specimen with respect to extrusion temperature. From Fig. 4.22 a, it is concluded that for 

all the temperatures Al-4Si alloy offered high density compared with Al-4Si-0.6Mg. Among 

the Al-4Si alloy, the samples extruded at 585oC provided the highest density (94.5%) followed 

by 565oC. This is because of the presence of high solid content in the specimen which along 

with extrusion caused an increase in the density of the specimen to make it denser. On the other 

hand, samples extruded at 600oC had maintained the relative density of 93% which was the 

initial compaction density. But in case of Al-4Si-0.6Mg alloys the highest density (90%) was 

given by extrudate at 565oC in which the specimen was well below the eutectic temperature 

(573oC) and the other extrudates of 585oC and 605oC offering reduced density as expected. 

   Fig 4.22 b shows the variation of microhardness of the full specimen with respect to 

extrusion temperature. As far as microhardness is concerned, Al-4Si-0.6Mg alloy had 30% 

higher hardness than Al-4Si alloy. The hardness variation between different extrusion 

temperatures for the same alloys was less significant. But between the alloys (Al-4Si-0.6Mg 

and Al-4Si) there was a considerable change. 

  

 

 

 

 

Fig. 4.22a)  Relative density as a function of 

Extrusion temperature 

b) Microhardness as a function of Extrusion 

temperature 
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   Fig. 4.23 shows the function of relative density with respect to the applied strain rate 

on the specimen. The general trend observed is, higher the strain rate higher the relative density 

especially at strain rate of 0.3 s-1. High strain rate offers least time for the specimens to react 

thus consolidating the density of the material. 

 

 

 

 

 

Fig. 4.23: Relative density as a function of strain rate 

Fig. 4.24a) Relative density as a function of 

different regions 

b) Microhardness as a function of different 

regions 



71 

 

Fig. 4.24a shows the function of relative density with respect to different regions in the 

specimen for Al-4Si alloy and Al-4Si-0.6Mg alloy. Among the different sections, the rear parts 

had the highest density of 96% for Al-4Si alloy and 93% for Al-4Si-0.6Mg alloy. This was 

followed by the middle and the front sections. This could be due to the rear end being subjected 

to high stresses in contrast with the middle and front regions. 

Fig. 4.24b shows the function of microhardness with respect to different regions in the 

specimen for Al-4Si alloy and Al-4Si-0.6Mg alloy. As discussed earlier, cutting across the 

regions, Al-4Si-0.6Mg alloy showed a marked increase in hardness values over the Al-4Si 

alloy. This was because of the front and middle regions being at temperatures higher than the 

rear end which could have led to the increased diffusion of Si in case of Al-4Si alloy and Mg 

in case of  Al-4Si-0.6Mg alloy into the α-Al phase thus increasing the hardness of the 

specimens. 

 

 

 

 

 

 

 

4.5 Grain Size Analysis 

The variation in grain sizes of Al-4Si alloy and Al-4Si-0.6Mg alloy are shown in Table 

4.1. The average grain size of raw aluminium powder was 44 µm. Sintered Al-4Si alloy had a 

reduced grain size of 22 µm whereas Al-4Si-0.6Mg alloy had a slightly coarse grain because 

of the addition of Mg. Al-4Si alloys extruded at 560oC, 580oC, 600oC had average grain sizes 

of 30 µm, 81 µm and 90 µm respectively. On the other hand, Al-4Si-0.6Mg alloys had the 

corresponding grain sizes of 109 µm, 181 µm and 197 µm. Clearly, the addition of Mg had 

caused a 263%, 123%, 118% corresponding increase in the grain size of Al-4Si-0.6Mg alloy. 

This was because of pure Mg diffusing into α-Al matrix until it reaches the solubility limit as 

well as the eutectic melting of Al and Mg2Si in which Mg2Si precipitates dissolve into the 

liquid phase. The remaining Mg2Si precipitates offer a weak resistance to the grain boundary 

migration. Thus, allowing further coarsening of α-Al grains. Similarly front middle and rear 

sections of Al-4Si-0.6Mg alloys show an increase of 192%, 153%, and 143% over their Al-4Si 
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counterparts. This was largely due to increased availability of liquid content present at the front 

end of the specimen than the other ends leading to coarser α-Al grains. 

 

 

 

      Table 4.1: Comparison chart showing grain size variation of Al-4Si alloy and Al-4Si-

0.6Mg alloy 

 

4.6 Chapter summary 

 Hot compaction and hot extrusion was carried out for different compositions of Al-Si 

and Al-Si-Mg alloys. Specimens produced were defect free with high densities and better 

hardness indicating an increased mechanical properties. Eutectic temperature was found to be 

the most suitable operating temperature with better die filling capacity and improved 

properties. Similarly top middle and rear end of the specimens showed varying grain sizes for 

both Al-Si and Al-Si-Mg alloys. 
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Chapter-5 

Microstructure Modelling of sintered Al-4Si-0.6Mg alloy extruded at semisolid 

temperature ranges 

 

5.1 Introduction 

 Microstructure evolution of sintered and extruded samples of Al-4Si-0.6Mg powder 

alloys at various semi solid temperature ranges of 5600C, 580 0 C and 600 0 C, holding times 

such as 600 s,1200 s, and 1800 s and at various strain rates of 0.1 s-1, 0.2s-1 and 0.3 s-1  were 

studied. From the stress-strain curves and metallographic studies, Arrhenius grain growth 

model and Avrami dynamic recrystallization model have been formulated by means of linear 

regression. Parameters such as peak strain, critical strain, recrystallization fraction and material 

constants have been found using the above equations. The experimental and calculated values 

of the various material parameters agree with each other indicating the accuracy of the 

developed model. Finite element method based simulations were performed using DEFORM 

2D software and the average grain size obtained from experiments and simulations were 

validated by means of average grain size. 

5.2. Microstructure modeling 

5.2.1 Grain growth model 

 Fig. 5.1 shows the optical microscopy (OM) images of Al-4Si-0.6Mg alloy at 5600C 

with different holding times namely 600 s, 1200 s and 1800 s respectively. From the figure, it 

is found that the average grain size increases with the increase in holding time. The average 

grain size of Al-4Si-0.6Mg alloy for different holding times such as 600 s, 1200 s and 1800 s 

are 56 µm, 61µm, and 70 µm respectively. 

Fig. 5.1: Optical micrographs of Al-4Si-0.6Mg alloy for 560 0C heating temperature with 

holding times of a) 600 s; b) 1200 s; c) 1800 s 
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 Fig. 5.2   illustrates the OM images of water quenched samples of Al-4Si-0.6Mg alloy 

at different heating temperatures namely 5600C, 5800C, and 6000C and at constant holding time 

of 1200 s. It is found that with increasing heating temperature, the average grain size has 

increased. The average grain size of Al-4Si-0.6Mg alloy for different heating temperature such 

as 5600C, 5800C, and 6000C are 56 µm, 350 µm and 420 µm respectively. 

 

Fig. 5.2: Optical micrographs of Al-4Si-0.6Mg alloy for different heating temperatures of a) 

560 0C; b) 580 0C; c) 600 0C with holding times of 1200 s 
 

 The grain growth model of Al-4Si-0.6Mg alloy during heating process has been 

formulated using an Arrhenius type empirical equation [180]as stated below. 

𝑑𝑛 = 𝑑0
𝑛 + 𝐴𝑡𝑒

−𝑄

𝑅𝑇 -------------- (5.1) 

 

Where, d (µm) is the final grain size after heat treatment, d0(µm) is the initial grain size (45 µm 

) before heat treatment,  t is the holding time denoted by s, Q is the activation energy for grain 

growth  denoted by J/mol and R is the universal gas constant given by 8.314 J/mol/K. Specific 

heating temperature in Kelvin is denoted by T(K) and A and n are the materials constants. 

Relationship between average grain size, temperature and holding time can be expressed as 

𝑑𝑛𝛼𝐴𝑡𝑒
−𝑄

𝑅𝑇--------------- (5.2) 

The materials constants n and Q are obtained from the slope of the line in ln(t) vs ln(d) plot and 

(-1000/nRT) vs ln(d) plot, respectively. Fig. 5.3 (a) demonstrates the relationship between 

holding time and grain size under different heating temperatures. Fig. 5.3 (b) illustrates the 

relationship between -1000/nRTand ln (d) under different holding times. 
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At 560°C the microstructure consists of primary Aluminium, primary silicon and 

primary magnesium. Whereas above 573 °C (eutectic temperature) the microstructure consists 

of  primary aluminium ,eutectic Mg2Si which is distributed at the grain boundaries as seen from 

Fig. 5.2 and primary silicon[178]. At the same time, increasing holding time beyond 1800 s 

may lead to the increase of liquid content rapidly with specimen collapsing and swelling 

defects. Further, it can be concluded that deformation temperature has much larger effect than 

holding time on average grain size. 

The constitutive equation for grain growth model of Al-4Si-0.6Mg alloy can be formulated as 

shown in equations (5.3)-(5.5). To ascertain the accuracy of the model, the relative error (δr) 

between the calculated grain size (dc) and the experimental grain size (de) was found using the 

relation 5.6. 

 

𝑑5.3705 = 𝑑0
5.3705 + 5.31𝑒6 ∗ 𝑡 ∗ 𝑒

−1578.941

𝑅𝑇 -------------------- (5.3) (560 0C) 

  

𝑑.5.173 = 𝑑0
5.173 + 2.07𝑒6 ∗ 𝑡 ∗ 𝑒

−1578.941

𝑅𝑇 ---------------------- (5.4)   (5800C) 

 

𝑑.4.916 = 𝑑0
4.916 + 1.029𝑒6 ∗ 𝑡 ∗ 𝑒

−1578.941

𝑅𝑇 -------------------- (5.5) (6000C) 

 

𝛿𝑟 =
𝑑𝑐−𝑑𝑒

𝑑𝑒
 *100 --------------- (5.6) 

Table 5.1 shows the information about the variation between the calculated and experimental 

grain sizes. It is thus clear from the table that the calculated grain size agree with the 

experimental ones. The mean relative error between the calculated and experimental grain size 

at deformation temperature of 560 0C, 580 0C, and 600 0C being less than 10% respectively 
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Table 5.1: Comparison between experimental and calculated grain sizes forAl-4Si-0.6Mg 

alloy 

S.No 

Time (t) 

s 

Temperature (T) 

0C 

Grain size 

Error 

% 

Experimental de 

µm 

Calculated  dc 

µm 

1 600 560 56.512 57.959 2.560 

2 1200 560 61.131 65.082 6.463 

3 1800 560 70.210 69.864 -0.492 

4 600 580 325.546 325.501 -0.013 

5 1200 580 376.121 372.173 -1.049 

6 1800 580 401.576 402.517 0.234 

7 600 600 420.231 382.386 -9.005 

8 1200 600 461.177 440.284 -4.530 

9 1800 600 530.687 478.136 -9.902 

 

5.2.2 Flow stress behavior 

 Fig. 5.4 shows the true stress–true strain plots for Al-4Si-0.6Mg alloys under different 

deformation temperatures and at different strain rates namely (a) 0.1 s-1; (b) 0.2 s-1; and (c) 0.3 

s-1. It can be observed from Fig. 5.4 that with the increase in the strain, the flow stress increased 

at the initial stage and then it decreased with deformation. This was due to  thermal softening 

Fig. 5.3: a) Relationship between holding time and average grain size for various heating 

temperatures; b) Relationship between -1000/nRT and ln (d) under different holding times 
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mechanism which decreased the flow stress values. At higher temperatures, with the further 

accumulation of the materials strain, the dynamic recrystallization phenomena occur resulting 

in the decrease of the flow stress. This may be due to vacancy diffusion, slip and subsequent 

increase in climb mechanisms. Thus, recovery phenomenon supersedes the hardening. It is seen 

that the flow stress increased with increasing strain rate and decreasing temperature. Flow 

curves display a peak which is then followed by  a gradual decline to a steady state stress which 

signals  the happening of DRX[181] 

 

 

 

 

Fig. 5.4: True stress-True strain curves for Al-4Si-0.6Mg alloy under different temperatures 

of a) 560 0C; b) 580 0C; c) 600 0C  
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5.2.3. Dynamic recrystallization 

Dynamic recrystallization cannot begin until the energy level crosses a threshold value. 

The threshold value can be denoted by critical strain εc, which has been found to be slightly 

less than the peak strain εp[182] (strain at which the stress reaches peak).The mechanism behind 

the evolution of microstructure is geometric dynamic recrystallisation as observed by Donati 

et al [183]. Dynamic recrystallization behavior of Al-Si-Mg alloys has been modeled using 

Johnson Mehl Avrami Kolgrov model (JMAK) as follows 

𝜀𝑐 = 𝑎1𝜀𝑝---------------------------------- (5.7) 

5.2.4 Prediction of critical stress for DRX initiation 

The beginning of DRX process depends on the material’s chemical composition and 

the hot deformation parameters. The DRX phenomenon occurs more easily at higher 

deformation temperature because it reduces the driving force of the mechanism. Whereas, low 

strain rate promotes DRX as enough time will be available for accumulation of energy. 

In order to find the critical strain, it is necessary to plot the graph between true stress 

and hardening rate. The inflection point present in the ϴ–σ curve indicates the occurrence of 

DRX. In this study, the method followed by  Najafizadeh and Mirzadeh[181]was utilized for 

finding the critical stress which initiates the DRX phenomenon. The inflection point was found 

by fitting a third order polynomial equation to the hardening rate vs true stress curves up to the 

peak point as follows. 

Third order polynomial equation corresponding to the plot of true stress vs hardening rate for 

5600C and 0.1 s-1 is  

y = -0.0696x3 + 9.2038x2 - 407x + 6544.3 ----------------------(5.8) 

𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑠𝑡𝑟𝑒𝑠𝑠 𝜎𝑐 = −𝐵 3⁄ 𝐴 

  = 9.2038/(3*0.0696) 

   = 44.079 

This above method has been used to find the critical stress values of samples tested at different 

process conditions in this study. From the flow curves, the critical strain values were found. 

Fig. 5.5 shows the third order polynomial fit for true stress vs hardening rate plots for samples 
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tested at different temperatures. Hardening rate equations for the processed conditions are 

shown in Table 5.2. 

 

Fig. 5.5: Hardening rate –True stress curves for Al-4Si-0.6Mg alloy a) 560 0C; b) 580 0C; c) 

600 0C  

 

Strain rate 

s-1 

Temperature 
0C 

Hardening  rate equation 

0.1 560 θ = -0.0696x3 + 9.2038x2 - 407x + 6544.3 

 

0.2 560 θ = -0.1104x3 + 18.089x2 - 992.07x + 18885 

 

0.3 560 θ = -0.0536x3 + 11.807x2 - 883.58x + 23116 

 

0.1 580 θ = -0.4709x3 + 37.626x2 - 1016.5x + 9726.7 

  

0.2 580 θ = 0.1502x3 - 16.135x2 + 530.02x - 4614.3 

 

0.3 580 θ = -0.0913x3 + 10.19x2 - 381.13x + 5445.3 

 

0.1 600 θ = -2.423x3 + 161.46x2 - 3576.5x + 26687 

 

0.2 600 θ = -0.6902x3 + 67.246x2 - 2194.7x + 24375 

 

0.3 600 θ = -2.5606x3 + 317.59x2 - 13187x + 183711 
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Table 5.2: Hardening rate equations for Al-4Si-0.6Mg alloy at various conditions 

 

 

Table 5.3: Peak strain and critical strain for Al-4Si-0.6Mg alloy 

 

 

The relation between peak strain and the process parameters is given by the relation 

𝜀𝑝 = 𝑎2𝑑0
𝑛1έ𝑚1𝑒𝑥𝑝 (𝑄1 𝑅𝑇⁄ ) ----------------------- (5.9) 

  

Where, the initial grain size (45 µm ) of the material is denoted by d0 (µm); strain rate 

is denoted by έ (s-1); the universal gas constant, is denoted by R (8.314 J/ mol/ K); deformation 

temperature, is denoted by T (K); while a1, a2, n1, m1 and Q1 are the material constants, which 

can be obtained from the flow curves of the material. The material constants n1, m1 and Q1 are 

found by plotting the relationship between ln(d0) and ln(εp), ln(έ) and ln(εp), (1000/RT) and 

(lnεp-n1*lnd0) as shown in Fig. 5.6 respectively. The constitutive peak strain equations for 

various temperatures are shown in Equations 5.10 -5.12. Table 5.4 gives the comparison 

between experimental and calculated peak strain values for compressed specimens. 

 

 

S.No Temperature 

0C 

Strain rate 

s-1 

Peak strain 

 

Critical strain 

1 560 0.1 0.135 0.080 

2 560 0.2 0.168 0.080 

3 560 0.3 0.175 0.093 

4 580 0.1 0.122 0.063 

5 580 0.2 0.138 0.074 

6 580 0.3 0.147 0.084 

7 600 0.1 0.108 0.065 

8 600 0.2 0.126 0.085 

9 600 0.3 0.139 0.101 
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. 

 

𝜀𝑝 = 0.0009𝑑0
1.3322έ0.244𝑒𝑥𝑝 (399.4 𝑅𝑇⁄ ) -------------- (5.10) (560 0C) 

𝜀𝑝 = 0.0008𝑑0
0.913έ0.170 exp(399.4 𝑅𝑇⁄ ) -------------- (5.11)   (580 0C) 

𝜀𝑝 = 0.00026𝑑0
1.054έ0.226𝑒𝑥𝑝 (399.4 𝑅𝑇⁄ ) ----------- (5.12) (600 0C) 

 

 

 

                

 

 

 

 

 

 

 

Fig. 5.6: Peak strain dependence on a) strain rate b) initial grain size and c) temperature 
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Table 5.4: Comparison between experimental and calculated peak strain for compressed 

samples 

 

5.2.5 Model for 50% dynamic recrystallization strain 

The DRX volume is usually measured by quantitative metallographic methods. Another 

method to measure DRX volume is from the stress strain curve of hot deformation test done at 

constant temperature and strain rate. The latter method is much simpler and faster than the 

former. As per  the earlier researches [184], the dynamic recrystallization fraction can also be 

framed as follows 

𝑋𝑑𝑟𝑒𝑥 =
𝜎𝑝−𝜎

𝜎𝑝−𝜎𝑠𝑠
------------------------------------- (5.13) 

Where σp is the peak stress, σ is the instantaneous stress and σss is the saturated stress. 

Saturated stress is found from the plot of Hardening rate vs True stress corresponding to the 

stress at which hardening rate is zero as shown in Fig. 5.7. Fig. 5.8 shows the true strain vs 

dynamic recrystallization fraction plot of Al-4Si-0.6Mg alloy. Using the above formula 

dynamic recrystallization fraction has been found. The strain corresponding to 50% dynamic 

recrystallization can be easily obtained from Fig 5.8. Table 5.5 shows the 50% recrystallized 

strain for Al-4Si-0.6Mg alloy. 

 

S.No 

Temperature 

0C 

Strain rate 

s-1 

Peak strain Error 

% Experimental Calculated 

1 560 0.1 0.135 0.117 -13.192 

2 560 0.2 0.168 0.153 -8.337 

3 560 0.3 0.175 0.196 12.219 

4 580 0.1 0.122 0.112 -7.939 

5 580 0.2 0.138 0.144 4.791 

6 580 0.3 0.147 0.162 10.704 

7 600 0.1 0.108 0.094 -12.118 

8 600 0.2 0.126 0.122 -2.634 

9 600 0.3 0.139 0.155 11.995 
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Fig. 5.7: Hardening rate vs True stress for Al-4Si-0.6Mg alloy under various temperatures 

 

 

 

 

Fig. 5.8: Dynamic recrystallization fraction vs true strain for Al-4Si-0.6Mg alloy under 

various temperatures 
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Table 5.5:50% dynamic recrystallization strain for Al-4Si-0.6Mg alloy 

 

The relationship between 50% recrystallized strain and the process parameters are expressed 

as functions of initial grain size (d0), strain rate (έ) and deformation temperature (T). 

𝜀0.5 = 𝑎3𝑑0
𝑛3έ𝑚3𝑒𝑥𝑝 (𝑄3 𝑅𝑇⁄ )--------------------------- (5.14) 

Where, a3, n3, m3 and Q3 are material constants. The material constants n3, m3 and Q3 are found 

by plotting the  relationship between ln (d0)and ln (ε0.5),  ln (έ) and ln (ε0.5), (1000/RT) and (ln 

ε0.5-n3*lnd0) as shown in Fig. 5.9. The constitutive equations for 50% recrystallized strain are 

shown in equations 5.15- 5.17. Table 5.6 shows the comparison chart of experimental and 

calculated values. 

 

 

 

S No Temperature 

0C 

Strain rate 

s-1 

50% recrystallized 

strain (ε0.5) 

1 560 0.1 0.250 

2 560 0.2 0.299 

3 560 0.3 0.325 

4 580 0.1 0.240 

5 580 0.2 0.270 

6 580 0.3 0.280 

7 600 0.1 0.190 

8 600 0.2 0.217 

9 600 0.3 0.253 
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𝜀0.5 = 0.0014𝑑0
1.378έ0.24𝑒𝑥𝑝 (−35.719 𝑅𝑇⁄ ) ------------------- (5.15) (560 0C) 

𝜀0.5 = 0.0035𝑑0
0.778έ0.143𝑒𝑥𝑝 (−35.719 𝑅𝑇⁄ )------------------ (5.16)   (580 0C) 

𝜀0.5 = 0.00018𝑑0
1.22έ0.253𝑒𝑥𝑝 (−35.719 𝑅𝑇⁄ )------------------ (5.17) (600 0C) 

 

Fig. 5.9: Dependence of ε0.5 on a) strain rate b) initial grain size and c) Temperature 
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Table 5.6: Comparison between 50% dynamic recrystallization strain for experimental and 

calculated values for compressed samples 

 

 

 

 

 

 

 

 

 

Equation 5.18 was used to model the relationship between the dynamically recrystallized grain 

sizes of the alloy. Using the physical experiments, the material constants were found by plotting 

the graphs between ln (έ)and ln (drex),  ln (d0) and ln (drex), (1000/RT) and (lndrex –h4*lnd0),   ln 

(ε) and ln (drex). Fig 5.10 shows the relationship between the dynamically recrystallized grain 

size and the material parameters. The relationship between dynamically recrystallized grain 

size and the process parameters are 

 

 

 

Temperature 

0C 

Strain rate 

s-1 

50% recrystallized strain (ε0.5) 

Error 

% Experimental Calculated 

1 560 0.1 0.250 0.208 -16.771 

2 560 0.2 0.299 0.273 -8.456 

3 560 0.3 0.325 0.349 7.574 

4 580 0.1 0.240 0.225 -6.046 

5 580 0.2 0.270 0.278 3.290 

6 580 0.3 0.280 0.308 10.105 

7 600 0.1 0.190 0.158 -16.488 

8 600 0.2 0.217 0.211 -2.377 

9 600 0.3 0.253 0.278 9.987 
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𝑑𝑟𝑒𝑥=𝑎4𝑑0
ℎ4𝜀𝑛4έ𝑚4𝑒𝑥𝑝 (𝑄4 𝑅𝑇⁄ ) ------------------------- (5.18) 

 

 

   

 

𝑑𝑟𝑒𝑥 = 0.591𝑑0
1.263𝜀0.6έ−0.2124𝑒𝑥𝑝 (141.66 𝑅𝑇⁄ )---------------- (19) (560 0C) 

𝑑𝑟𝑒𝑥 = 0.279𝑑0
1.164𝜀𝑛40.54έ−0.195𝑒𝑥𝑝(141.66 𝑅𝑇⁄ )---------------- (20) (580 0C) 

𝑑𝑟𝑒𝑥 = 1.366𝑑0
0.922𝜀0.52έ−0.193𝑒𝑥𝑝(141.66 𝑅𝑇⁄ )----------------- (21) (600 0C) 

 

 

 

 

 

 

 

 

Fig. 5.10: Relationship between dynamically recrystallized grain size 

and a) initial grain size b) strain rate c) strain d) temperature 
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Table 5.7: Comparison between experimental and calculated grain size after dynamic 

recrystallization for extrusion test 

 

 

5.2.6 Model for dynamic recrystallization volume fraction 

DRX process can be expressed in a sigmoidal fashion with respect to strain as shown 

in the above literatures[158], [180]. An Avrami type equation shown as follows was utilized to 

describe the relationship between the DRX fraction Xdrex and the effective strain ε. 

𝑋𝑑𝑟𝑒𝑥 = 1 − 𝑒𝑥𝑝 [−𝛽𝑑(𝜀 − 𝜀𝑐 𝜀0.5⁄ )𝑘𝑑]---------------- (5.22) 

S.No 
Temperature 

0C 

Strain rate 

s-1 

Dynamic recrystallized grain 

size Error 

% Experimental 

µm 

Calculated 

µm 

1 560 0.1 95.232 99.365 4.595 

2 560 0.2 87.330 84.8871 -2.797 

3 560 0.3 74.332 77.992 4.927 

4 580 0.1 240.350 243.404 1.418 

5 580 0.2 215.245 228.326 6.198 

6 580 0.3 192.663 199.232 3.411 

7 600 0.1 360.221 376.130 4.480 

8 600 0.2 320.075 326.108 1.908 

9 600 0.3 290.226 305.374 5.301 
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Where ε0.5is the strain of 50% dynamic recrystallization, Kd and βd are the recrystallization 

parameters depending on the material considered and the processing conditions. From equation 

22, Kd and βd can be found. From Fig. 5.11, it can be seen that there exists a linear relationship 

between ln(-ln(1-Xd))  and ln(ε-εc /ε0.5) under different processing conditions.  

 

 

 

. 

 

Fig. 5.11: Relationship between ln(-ln(1-Xd))  and ln(ε-εc /ε0.5) under different processing 

conditions. 

 

5.3 Finite Element Simulation 

 The microstructural modeling of Al-4Si-0.6Mg alloy during hot extrusion process was 

done using coupled thermo-mechanical finite element method in Deform 2D software. The 

availability of the above set of equations in the software make it suitable candidate for 

microstructure prediction. A shear friction factor of 0.3 was used between the tool interface 

and the billet. The die was modeled as rigid object. Due to the presence of symmetry of the 

specimens, only one half of the billet has been modeled. 

5.3.1 Simulation Results 
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 Fig. 5.12 shows the density plots of the compacted specimen and the extruded 

specimen. The model employed to calculate the density is Von Mises porosity model. From 

Fig. 5.12, it can be seen that the maximum density is at the top right corner of the specimen as 

maximum force and friction acts on it whereas the least density is found at the bottom right 

corner. This is a typical density profile of the uniaxial single acting compaction process. The 

maximum density and the minimum density values were found to be 99% and 83% with the 

average being around 91%. Experimentally measured density value of the same composition 

using Archimedes principle was found to be 93% which is well within the permissible limits. 

Similarly the average density of the extruded sample is found to be 95% from simulation 

results. However, the experimentally measured density was found to be 92%. 

 

 

 Fig. 5.12: Density plot of Al-4Si-0.6Mg alloy a) after compaction b) after extrusion at 580 
0C and 0.1s-1 
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Fig. 5.13 shows the numerically simulated average grain size profile of Al-4Si-0.6Mg alloy 

for various temperatures and strain rate. The bottom part (in Fig 5.13 b) is found to have an 

average grain size of 213 µm, the middle part having 190 µm and the top part having180 µm. 

Significant differences are generally observed at higher strain rates and in the corners of the 

die where there is inhomogenity in the strain distribution[185]. Average grain size of the 

specimen increase with increasing temperature when other process parameters like strain rate 

and die angle were kept constant. High deformation temperature facilitates the formation of 

DRX grains more easily. This is because of higher kinetic energy induced during 

deformation[183]. Similarly Fig. 5.14 shows the microstructure images of the specimen 

extruded along the longitudinal section at three different sections namely front, middle and rear 

sections. The grain size is found to be 234 µm at the front end, 199 µm at middle section and 

170 µm at rear end respectively 

5.4 Chapter Summary 

Fig. 5.13: Average grain size plot of extruded Al-4Si-0.6Mg alloy along the longitudinal 

direction at constant ε = 0.1s-1  for a)T =560 0C b) T = 580 0C c) T = 600 0C and at 

constant T = 580 0C for d) ε = 0.1s-1  e) ε = 0.2s-1  f) ε = 0.3s-1   

 

Fig. 5.14: Micrographs of extruded Al-4Si-0.6Mg alloy at a) Front end b) Middle section and c) 

Rear end 
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 Grain growth modelling was carried out using Avrami grain model. Similarly dynamic 

recrystallization was modelled using JMAK model. Maximum error found was less than 20% 

in both the models. Recrystallization model included peak strain model critical strain model 

dynamically recrystallized grain size model, and 50% recrystallized grain model 

Recrystallization model was further validated with numerical results from deform software. 

 

 

Chapter-6 

Effect of various Mg/Si ratios on microstructure and structural properties of 

thixoextruded Al-Si-Mg alloys 

 

6.1 Introduction 

Al-Si-Mg alloy with different Mg/Si ratios of 0.75, 1, 1.5, and 2 have been extruded 

and the mechanical and metallurgical properties prior and after extrusion process have been 

evaluated. Differential thermal analysis was used to determine the solidus and liquidus point 

temperatures within the range of 560 °C to 580 °C. Extrusion was carried out for three different 

temperatures namely i) near solidus (ts), ii) near eutectic (te), and iii) near liquidus temperatures 

(tl) and three different strain rates (0.1s-1, 0.2 s-1 and 0.3 s-1) respectively. 

 

6.2 Optimization of Mg/Si 

The mass composition of Mg/Si was varied for four different ratios of 0.75, 1, 1.5 and 

2 respectively with other process parameters being constant. The mass percentage of silicon 

chosen is 4% (0.28 gms) with the Mg amount being varied as per the required ratio (0.21 gms, 

0.28 gms, 0.42 gms and 0.56 gms) while the rest being aluminium. Fig. 6.1a and b shows the 

relative density plot and microhardness plot with respect to the weight ratios of Mg/Si. 

Maximum density achieved is about 98.2% for the ratio of 1. Beyond this ratio, there is drop 

in the relative density for higher ratios. This could be due to increased magnesium content 

which reduces the overall density. This kind of drop in density has been observed by authors 

like Yldrium [186]. The hardness plot is found to be more plateaued with peak hardness of 60 

HV for R=1.5. The hard intermetallic phases (Mg2Si) present in the matrix could be the reason 

behind increase in the structural properties of the compacts [187]. Excess Mg in the alloy would 
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not precipitate, because super saturated solution of Mg in Al matrix would have reached 

causing extreme lattice distortion. On the other hand excess Si will precipitate as spherical 

eutectic Si particles at the grain boundaries [188]. 

 

  

Fig. 6.1a: Mg/Si ratio vs Relative density             b) Mg/Si ratio vs Microhardness 

 

6.3 Metallographic studies 

Fig. 6.2 a,b,c,d depicts  the OM images of the hot compacted samples for different ratios 

(R=0.75,1,1.5,2). Processing through powder metallurgy route enabled the production of 

spheroidal or near spheroidal grains which is a fundamental requirement for semisolid process. 

Microscopic images comprise of primary 𝜶-Al dendrites with primary silicon particles 

dispersed throughout the specimen. Unetched samples at lower magnification reveals the 

presence of bright patched regions within the samples as seen in Fig. 3a and b. The primary Si 

particles appeared as coarse blocky shaped and eutectic Si formed a needle-like structures.  

This agreed well with the observations of Vijeesh and Narayan [189], that the microstructure 
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of Al–Si-Mg alloy  consists of coarse Si particles along with the needle like eutectic Si at the 

interdendritic spaces where the morphology depends on the nucleation and cooling rates of the 

process.  

         

   Fig. 6.2: Optical micrographs of Al-Si-Mg alloy a) R=0.75 b) R=1 c) R=1.5 d) R=2 

Fig. 6.3c and d shows the SEM and EDX analysis of the Al-Si-Mg alloy. SEM with 

EDX studies on the above regions confirmed the presence of Al, Si, Mg elements. Fig. 3b 

shows the bamboo-shoot shaped structure which consists of eutectic composition of 

Al+Si+Mg2Si as evident from the phase diagram of ternary Al-Si-Mg. Hengcheng suggested 

that ternary eutectic reaction L → Al+Si+Mg2Si occurs even under non-equilibrium 

solidification conditions. Within the network structure, it is hard to differentiate between 

eutectic Si and Mg2Si as they could exhibit similar morphology and Mg2Si grows on these 

eutectic Si [189] . 

 

 

Fig. 6.3a) Macrostructure of Al-Si-Mg alloy b) Unetched view of eutectic regions 

c) SEM image of Mg2Si precipitate d) EDX result of alloy 

 

 

6.4 DTA analysis 
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 DTA analysis provides the solidus and liquidus temperatures for the material. Fig. 6.4 

shows the DTA plot for various ratios of R=0.75, 1, 1.5, 2 respectively. For R=1 two 

endothermic peaks were observed at 562 oC and 615 oC. This peak corresponds to the ternary 

eutectic reaction and the melting of primary 𝜶-phase of the alloy. Whereas for R=2, the peak 

has shrunk significantly. Similar peaks were observed in R=1.5 also. Fig 4a shows the solidus 

temperature as 558 oC and liquidus temperature as 582 oC with a range of 24 for Mg/Si ratio 

of 0.75. For the ratio R=1, the solidus temperature is 549 oC and the liquidus temperature is 

573 oC with a range of 24. Similarly, for R=1.5 the solidus and liquidus temperatures are 550 

oC and 578 oC respectively with a range of 28. In the case of R=2, the solidus and liquidus 

temperatures were 548 oC and 566 oC with a range of 18 oC. It can be seen that, as the ratio R 

increases, the eutectic temperature decreases. This could be because of the addition of Mg 

which has shifted the eutectic peak towards left and had a longer time period. This implies that 

by increasing the mushy zone, the alloy sensitivity towards the processing temperature 

decreases and thus, better control and an adjustable variation in mechanical properties could 

be achieved. The ternary eutectic reaction is observed only for Mg contents higher than 0.6% 

in Al-Si-Mg alloys [190].  Further,  excess Si reduces the formation of a greater  amount of 

(Mg + Si) in clusters and zones and Mg2Si compared with the balanced alloys [191]. Whereas 

addition of Mg to excess Si alloys leads to reduction in the precipitation of primary Si and 

increases the size and number of Mg2Si precipitates. 
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 Fig. 6.4: DTA analysis of a) R=0.75 b) R=1 c) R=1.5 d) R=2 

 

 

 

6.5 Semisolid Extrusion 

 Semisolid extrusion was carried out for three different temperatures namely i) near 

solidus (ts), ii) near eutectic (te), and iii) near liquidus temperatures (tl) and three different strain 

rates (0.1s-1, 0.2 s-1 and 0.3 s-1) for all the ratios. Specimens extruded were free of macro defects. 

Specimens extruded at near liquidus and near eutectic temperatures were longer than the 

specimens at near solidus temperature which could be because of the increased liquid content 

at these temperatures. Extrudates were demarcated into tail, middle and head regions across the 

specimen. Further characterization like relative density, hardness and microstructure analysis 

were done on these regions. Fig. 6.5a shows the images of the extruded specimens for the near 

solidus temperature (ts), near eutectic temperature (te), and near liquidus temperature (tl) for the 

ratio R=0.75 and Fig 1b shows the demarcated regions of the individual specimen. 

    

Fig 6.5a): Extruded samples images    b): Extruded sample showing different regions 

 

By using Scheil’s equation the amount of solid fraction in the sample has been calculated as 

fs=1-(Ts-T/Ts-Tl)
(1/1-k) 

 

Where k is the partition coefficient taken as 0.13 [173] 

                    Ts is the solidus temperature 

                    Tl is the liquidus temperature 

                    T is the extrusion temperature 
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The respective solid fraction for different ratios and their corresponding temperatures are 

shown in Table 6.1 

 Table 6.1: Respective Solid fraction for different ratios and corresponding 

extrusion temperature  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ratio Extrusion Temperature (oC) Solid Fraction (%) 

0.75 

 

Near Solidus temperature (560) 

 

94.23 

Near Eutectic temperature (570) 
54.91 

 

Near Liquidus temperature (580) 
9.96 

 

1 

Near Solidus temperature (555) 
70.67 

 

Near Eutectic temperature (565) 
37.25 

 

Near Liquidus temperature (575) 
1.95 

 

1.5 

Near Solidus temperature (555) 
86.19 

 

Near Eutectic temperature (565) 
51.19 

 

Near Liquidus temperature (575) 
12.23 

 

2 

Near Solidus temperature (550) 
92 

 

Near Eutectic temperature (560) 
37.25 

 

Near Liquidus temperature (570) 
2.5 
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6.6 Microstructure Studies 

Microstructural evaluation has been carried along the transverse section of the specimen 

at three regions namely tail, middle and head regions. Fig. 6.6 shows that the microstructure at 

the tail (Fig. 6.6a) and middle regions (Fig. 6.6b) are more spherical compared to the head 

region (Fig. 6.6c) where a greater number of grains are available with a distorted structure 

because of higher forces acting at the head region of the specimen. Since the extrusion has been 

carried at temperature close to the liquidus temperature, liquid content within the sample has 

considerably increased and more globular grains have been formed. Similarly, Fig. 6.6 d, e & 

f shows the microstructure of extruded samples at near eutectic temperature for the ratio R=1.5. 

The microstructure pattern observed is almost similar to the previous one (Fig 6.6 a, b, c) with 

the tail and middle region exhibiting spherical structure whereas the head region has more 

grains compared with the other regions. The number of grains has increased whereas the size 

of the grains has decreased because of the reduced liquid content. The grey regions (region A) 

represent the eutectic Si whereas the black regions (region B) represent the Mg2Si precipitates 

as seen in B.J Kim work [192]. It has been observed that in Al-Si-Mg alloys  the formation of 

Mg2Si phases happens when the Mg/Si ratio reaches 1.73 and the area fraction will be 

equivalent to the amount of Mg present in the alloy[193]. Mg2Si precipitates also increase the 

strength of the alloy[194] 
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Fig. 6.6: OM images at: near liquidus temperature a) tail b) middle c) head  : near 

eutectic temperature d) tail e) middle f) head: near solidus temperature g) tail h) middle i) head 

for R=1.5   

Fig. 6.6 (g,h,and i) show the micrographs of the extruded samples at 550 oC. Specimens 

extruded at 550 oC shows a more distorted discontinuous grains throughout the specimen 

because of the lack of enough liquid content in the material. The grain size achieved was close 

to the compacted specimens size which means a high degree of deformation of grains has 

happened because of geometric recrystallization as stated by M. Schikorraa  [183]   

Fig. 6.7 shows the microstructure distribution along three different regions for different 

ratios of R=0.75, 1, 1.5 and 2 for the near eutectic temperatures of the samples respectively. As 

the ratio R increases, the grain size decreases which could be because of the increased Mg 

content [195]. But for the ratio R=2, the size decreases drastically because, at this composition, 

the semisolid range has almost disappeared which is evident from the DTA analysis (Fig. 6.4d) 

where the temperature range has shortened with no visible peaks. Samples containing 2.0 wt% 
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of Mg formed Mg2Si phase with Chinese script morphology as seen in the work of Yamamotto 

[196] 

 

 

Fig 6.7: OM images at near eutectic temperature a) R=0.75 tail b) R=0.75 middle c) R=0.75 

head d) R=0.75 tail e) R=1 middle f) R=1 head g) R=1.5 tail h) R=1.5 middle i) R=1.5 head  

j) R=2 tail k) R=2 middle l) R=2  head   

 

Fig. 6.8 a shows the relative density dependence on different extrusion temperatures of 

the specimen. It is observed that, irrespective of the ratio, maximum density has been achieved 

by the specimens extruded at liquidus temperature followed by solidus temperature. Compared 

with the compacted density (96%- 98%) the extruded specimens have achieved a density in the 

range of 88%-90% which means the liquid content for all the temperatures have increased. 

Similarly, for any particular temperature, a higher ratio leads to a higher relative density as 

seen from Fig. 6.8a. 

Fig. 6.8 b shows the microhardness dependence on the extrusion temperatures. 

Hardness values are high for extrusion temperatures close to the liquidus range. This could be 

because of increased diffusion taking place at higher temperature leading to the solid solution 

strengthening of the material. Lower hardness being shown by samples extruded at solidus 

temperature because of lower rate of Mg diffusion. The increase in hardness values of Al-Mg-

Si alloy can also be attributed to the distribution of Mg2Si particles during solidification. 

Fig. 6.8a) Extrusion temperature vs Relative density b) Extrusion temperature vs 

Microhardness 
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Fig. 6.9 a shows the dependence of relative density on different sections of the sample. 

Higher density was achieved at the top section as well as the middle section of the sample 

because of heterogeneous pressure distribution. A higher ratio was found to exhibit higher 

density. Fig. 6.9 b shows the plot of microhardness against the sections of the specimen. It was 

found that the tail and middle regions exhibited a higher hardness as compared to head region 

because of the presence of larger 𝜶-Al particles in the regions as seen from Fig. 6.7. Thus, the 

presence of Mg leads to solution strengthening and the presence of hard intermetallic Mg2Si 

phase also leads to the increased strength of the material. 

Fig. 6.9a) Different sections vs Relative density b) Different sections vs Microhardness 

 

Fig. 6.10a shows the grain size analysis of the samples against the extrusion 

temperatures. Specimens extruded at the liquidus temperature and eutectic temperature offered 

the maximum grain size with the solidus temperature offering the minimum grain size. An R 

of 0.75 offered the maximum grain size while the subsequent ratios showed smaller grain size. 

It could be drawn that, beyond R=0.75, there is no significant diffusion of Mg into the solid 

solution because of which there is no further growth of the grain size. Moreover, the amounts 

of Mg2Si particles present in matrix also play a lead role in increasing the hardness of the alloy. 

Hardness can also be affected by the size reduction of 𝜶-phase, distribution of Mg2Si particles 

and the presence of Mg/Si cluster zones. Similarly, Fig. 6.10 b shows the circularity or shape 

factor of the grain (How much globular). Globular values close to 1 indicate a near spherical 

grains whereas far from 1 shows least globular grains. In the present work, liquidus temperature 

offered higher values of around 0.85 and the eutectic temperatures offered values of around 

0.80 which is the next better value. On the other hand, solidus temperature produced least 

circular grains which could be because of the dynamic recrystallization caused by pure 

mechanical action. 
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Fig. 6.10a) Extrusion temperature vs Grain size       b) Extrusion temperature vs Circularity 

 

 

6.7 Flow stress curves 

Fig. 6.11 a,b, c, and d shows the flow stress curves for four different ratios at 

R=0.75,1,1.5 and 2 of Al-Si-Mg alloys for the three corresponding temperatures. The 

occurrence of single peak in stress strain curves signifies the presence of DRX phenomenon. 

Flow curves at solidus temperatures offers the highest peak stress values for all the ratios. Strain 

hardening mechanisms like dislocations pileups and their interactions leads to high stress 

requirements for further deformation. But the flow curves at liquidus and eutectic temperatures 

provide lower stress values. This is because, the dislocation movements increase with 

increasing temperature. Hence, recovery mechanisms overcome the hardening mechanisms, 

and thereby decreasing the stress values. 
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Fig. 6.11: Flow stress curves for Al-Si-Mg alloys for a) R=0.75 b) R=1 c) R=1.5 d) 

R=2  

 

6.7.1 Prediction of critical strain for DRX 

The DRX initiation begins at a critical strain. The onset of DRX can be determined 

from the inflection points in the plots of work hardening rate versus the true stress. Further, 

based on the strain hardening rate analysis, characteristic points like peak stress and peak strain 

can be found from the flow curves. According to Najafizadeh [181] inflection point was found 

by fitting a third order polynomial to the θ vs σ curves until peak point. 

θ = Aσ3 + Bσ2 + Cσ + D-------------------------- (6.1) 

where A,B,C and D are the constants for the given conditions 

At critical stress for initiation of DRX, the second derivative becomes zero. Thus, we have 

6Aσc +2B = 0-------------------------------------- (6.2) 

σc =-B/3A. Thus, the strain corresponding to the critical stress is called the critical strain. Fig 

6.12 shows the true stress vs hardening rate curves for Al-Si-Mg alloys for different ratios. 

Critical strain values for various ratios and temperatures are shown in Table 6.2. Table 6.3 

depicts the hardening rate equations of the alloy. 
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Fig. 6.12: True stress vs Hardening rate curves for Al-Si-Mg alloys for a) R=0.75 b) 

R=1 c) R=1.5 d) R=2  

 

 

 

 

Table 6.2: Critical strain values for different R values 

 

 

 

 

 

 

 

 

 

 

 

 

Critical 

strain 

Temperature 0.75 1 1.5 2 

εc Solidus temperature 0.095 0.14 0.113 0.11 

Eutectic temperature 0.125 0.10 0.080 0.11 

Liquidus temperature 0.08 0.78 0.07 0.077 
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Table 6.3: Hardening rate equations for different R values and temperatures 

 

 

6.8 Chapter Summary 

 Al-Si-Mg alloys having ratio (Mg/Si) R=1.5 showed the presence of binary eutectic 

(Al+Mg2Si), and ternary eutectic (Al+Mg2Si+Si) particles. Similarly for R=2 the material 

loses its thixotropic property as is evident from the DTA results. Critical strain values 

decrease with increasing temperature due to thermal softening phenomenon. Grain size for 

R=0.75 was considerably higher than other ratios as maximum solubility limit could have 

been reached for this ratio. Beyond this ratio free Mg was not available to be consumed by 

the alpha phase. Hence, resulting in the decrease of the grain size.  

 

 

 

 

Ratio Temperature Hardening rate equation 

0.75 

Solidus temperature 
y = -0.0249x3 + 4.3491x2 - 265.45x + 6237.1 

 

Eutectic temperature 
y = -0.083x3 + 13.468x2 - 730.84x + 13695 

 

Liquidus temperature 
y = -0.091x3 + 7.9836x2 - 232.1x + 2605.6 

 

1 

Solidus temperature 
y = -0.011x3 + 2.3347x2 - 179.22x + 5403.9 

 

Eutectic temperature 
y = 0.0069x3 + 0.7775x2 - 103.34x + 2853.1 

 

Liquidus temperature 
y = -0.0505x3 + 4.5819x2 - 140.32x + 1831 

 

1.5 

Solidus temperature 
y = -0.0214x3 + 4.2728x2 - 293.03x + 7490.6 

 

Eutectic temperature 
y = -0.0283x3 + 3.1339x2 - 123.01x + 2123.5 

 

Liquidus temperature 
y = -0.1863x3 + 17.43x2 - 540.31x + 5952.7 

 

2 

Solidus temperature 
y = -0.0114x3 + 2.4905x2 - 195.62x + 6066.4 

 

Eutectic temperature 
y = -0.0173x3 + 2.2308x2 - 107.46x + 2269.7 

 

Liquidus temperature 
y = -0.1338x3 + 13.387x2 - 472.23x + 6264.6 
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Chapter-7 

Prediction of 𝜶-Al phase using Deep Learning models on thixoextruded Al-Si-Mg alloys 

7.1 Introduction 

The UNET was developed initially for the study of biomedical image segmentation. 

The architecture of the model consists of two different paths where the first path is the 

contraction or encoder path and the second path is the symmetric expanding or decoder path. 

The encoder path captures the context of the image and the decoder path enables the 

localization precisely by employing the transposed convolutions. The implementation of the 

Unet model was done by utilizing an open source machine learning library Keras under another 

library Tensor flow by google. The code has been run in open source cloud platform Google 

colab. Training was done with training parameters such as epochs=100, learning rate=0.01 and 

batch size =32. The training dataset consists of 80 images whereas the validation set consists 

of 20 images. The optimizer chosen is Adam. This is one of the best optimizers for image 

segmentation problems. Optimizer function calculates the gradient of error in back propagation 

algorithm. 

The experiments were carried out on an Intel Core i5-7500 CPU with an NVIDIA 

GeForce GTX 1050 card. The images of the training set were used to train the neural network, 

Nearly 90% of the partial images were used for training the neural network after the image 

cropping process, while the remaining 10% were used to optimize and adapt the parameters of 

the neural networks during the training. 

 

7.2 Fully Convolutional Neural Network 

A fully convolutional network is one of the first architectures without fully interconnected 

layers. Apart from the fact that it can be trained end-to-end, it can process inputs of any size 

for individual pixel prediction (e.g. semantic segmentation). It is a general architecture that 

effectively uses transposed convolutions as a trainable sampling technique. 
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The Fully Convolutional Neural Network (FCN) is the model that comprises of only 

convolutional layers and no fully connected dense layers for the image segmentation task. The 

main idea of FCN is to extract heat map features from the convolution net without converting 

into dense output like in the case of classification tasks. The successful image classification 

models like VGG16, Alexnet and GoogLeNet are used as the backbone for FCN variants. The 

FCN was initially applied on the PASCAL-VOC2011 dataset that has 21 classes of pixels. The 

coarse feature maps extracted from the heat map generated from the convolution net from a 

backbone architecture is passed into a 1x1 convolution with 21 filters for pixel wise 

classification. Then the output of 1x1 convolution layer is up scaled using bilinear interpolation 

technique. Fig 7.1 shows the segmentation results of FCN model. 

 

Fig. 7.1: Segmentation result of FCN 

However, the output of FCN is coarse and fine details and boundary delineation are 

missing. The coarse nature of the output are mainly due to the striding and the loss of finer 

details along the way in deeper layers. This problem is addressed by introducing skip ahead 

connections from lower layers to the higher layers. The skip connections have relevant                       

up-sampling filters to convert their input to match their output spatial dimensions. The other 

way to improve predictions from coarse to finer is to decrease the stride size but that would 

ultimately incur computational costs. The FCN was the first in line of architecture to apply 

CNN fully end-to-end to solve the segmentation problems and it was followed suit by various 

models including Unet and its variants that exploit the FCN idea. Fig. 7.2a) and b) shows the 

loss and accuracy graphs of FCN model 
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Fig. 7.2 a) Loss curves of FCN                b) Accuracy curves  of FCN 

 

 

7.3 Unet 

The main idea is to get FCN to keep the high level functions in the early layer of the 

decoder. To do this, they introduce long skip connections to localize the segmentations. In this 

way, high resolution features (but semantically low) from the encoder path are combined and 

reused with the up sampling output. Unet is also a symmetrical architecture. 

 Unet is a very popular architecture originally designed for biomedical image 

segmentation problem. Since microstructure image segmentation closely resembles the 

biomedical image segmentation problem, the Unet can be applied for microstructure image 

segmentation also. Unet architecture is named after its U shaped structure with contracting and 

expanding path. The contracting phase consists of Convolutional Neural Networks (CNNs) and 

max pooling layers stacked together. The expanding phase consists of up-convolution 

operations applied to feature maps. Here, each convolution has 3x3 kernel filter to learn the 

feature maps from the inputs and it is followed by the non-linear element-wise activation 

ReLU. It is further followed by a max pooling layer of kernel 2x2 and stride of 2, effectively 

down sampling the feature maps by a factor of 2. 

 The decoder layers up sample the feature maps with up-convolutions and they 

reduce the feature maps count by a factor of 2. The decoder layers are just inverse of encoder 

layers along with feature maps being concatenated from the corresponding encoder layer 

through skip connections mechanism. The skip connection mechanism enables the network to 

learn fine features like boundary delineation that are lost while down sampling happens at the 
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encoder layers. The feature maps concatenated through skip connections are cropped due to 

the loss of boundary pixels in every convolution layer. It should be noted here that the 

convolutions applied are unpadded convolutions. So naturally there is a loss at the boundary 

pixels. Unet is found to be very efficient in segmentation even with lower amount of annotated 

data. Fig. 7.1 shows the segmentation results of Unet model. Fig. 7.2a) and b) shows the loss 

and accuracy graphs of Unet model. 

 

 

 

 

Fig. 7.3: Segmentation result of UNET 
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Fig. 7.4 a) Loss curves of Unet              b) Accuracy curves  of Unet 

7.4 Segnet 

 Segnet belongs to the encoder decoder style of neural network architecture. It contains 

13 Convolutional Neural Network (CNN) layers in the encoder part and corresponding equal 

13 up-sampling decoder layers. Finally, the features are fed into a pixel-wise classifier. The 

13-CNN layer encoder is inspired from the first 13 CNN layer of VGG16 for object 

classification. Therefore, the pre-trained weights of VGGNet can also be used here as a transfer 

learning technique. The highly convolutional encoder-decoder architecture reduces the 

trainable parameters considerably making the training faster and inference easier. It is 

estimated in the original paper that Segnet architecture reduces parameter space from 

134Million to 14.7Million when compared with other related and recent architectures. The final 

classification layer contains soft max activation to classify each pixel into its corresponding 

class probability. Depending upon the problem of semantic segmentation and its classes the 

final classifier weights may differ. Fig. 7.1 shows the segmentation results of Segnet model 

Fig. 7.5: Segmentation result of Segnet 
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Each encoder layer performs convolution with filters to extract feature maps. Those 

feature maps are then batch normalized to reduce the co-variant shift in the data. They are then 

passed into an element-wise ReLU unit that add non-linearity to the model’s learning. The 

ReLU operation is just the maximum of zero and its input, effectively altering the negative 

values to zero and keeping the same positive values. After the ReLU operation, max pooling is 

applied with kernel of 2x2 and a non-overlapping stride of 2, and the max pooling operation 

reduces the dimensions of the input by a factor of 2. The model stores max pooling indices 

with 2bits for each pooling operation. This information of max pooling indices is later used in 

the up sampling operations in the corresponding decoder layers. This mechanism of storing 

max pooling indices and reusing them in the decoder layers reduces the scarcity in the decoder 

output and also alleviates the loss of boundary details introduced by max pooling layers. 

Boundary delineation is vital for the class of segmentation problems. The max pooling indices 

uses only 2bits to store each pooling operation thereby results in lesser memory footprint of 

the model and also suits for quicker inference. Fig. 7.2a) and b) shows the loss and accuracy 

graphs of Segnet model 

 

 

 

Fig. 7.6:a) Loss curves of Segnet               b) Accuracy curves  of Segnet 
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7.5 ResUnet++ 

ResUnet++ is a semantic segmentation model based on ResNet (Residual Neural 

Network) 16 and U-Net. The ResUnet++ network integrates residual module and U-Net 

network, which is able to effectively overcome excessive parameters and gradient dispersion 

caused by the deepened network layer. In addition, the new residual learning unit in ResUnet 

is easy to train, which not only improves the training speed of the model, but also allows the 

network to get fewer parameters without reducing accuracy. Fig. 7.1 shows the segmentation 

results of Resunet++ model 

 

 

 

 

 

 

 

 

 

Fig. 7.7: Segmentation result of ResUNet++ 

 

ResUnet++ stands on top of residual network ResNet and Unet for segmentation. It derives 

the combined strength of Resnet and Unet. Further ResUnet++ employs residual blocks, 

squeeze and excite blocks, Atrous Spatial Pyramid Pooling (ASPP) and attention layers to 

achieve the state of the art performance in segmentation tasks.  The residual connections in the 

model makes it suitable for deeper layer training overcoming the vanishing gradient and 

degradation problems that plaque deeper networks. The residual connections further reduces 

the training cost also. The Resnet image classification model that proposed the residual 

connections for deeper neural network training is the backbone of ResUnet++.  

Each residual unit in the architecture consists of Batch normalization used to reduce internal 

covariant shift, convolutional layer with filters for feature extraction and ReLU activation for 

non-linear function of the model. The filters used in the convolutions have 3x3 kernel and an 

identity mapping from encoder input to output. Instead of using max pooling to reduce spatial 
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dimensions here strided convolution is applied in the first convolution of the encoder block. 

Each encoder block is passed through a squeeze and excitation block that assigns weights to 

feature maps and thereby enhancing relevant feature maps and suppressing the irrelevant ones.  

ASPP acts as a bridge between the encoder layer and the decoder layer, introducing broader 

context into the feature maps by convolutions. The decoder blocks also have residual units 

whereas they have attention layer as their entry unit. The attention layer in the decoder block 

enhances the feature maps by the attention mechanism. 

The decoder blocks have up sampling mechanism by nearest neighborhood and a 

corresponding skip connection from the encoder block. The output of the decoder block is 

again fed into a ASPP block and then 1x1 convolution with sigmoid activation is applied to 

produce the segmentation mask. The contributions of ResUnet++ model are the squeeze and 

excitation layer, ASPP and attention layer into the segmentation pipeline.  Fig. 7.2a) and b) 

shows the accuracy and loss graphs of Resunet++ model. Table 7.1 shows the comparison chart 

of the scores for the above models. 

 

 

Fig. 7.8: a) Accuracy curves of Resunet++                b) Loss curves of Resunet++                 

 

 

To make a quantitative comparison between the experimental results and the predicted 

ones, we introduce four quantitative statistical indicators: (a) true positive (TP): a pixel that is 

essentially a 𝜶 region and is precisely identified as 𝜶 region; (b) false negative (FN): a pixel 

that is actually a 𝜶 region but is recognized as a background point; (c) true negative (TN): a 

pixel that is essentially a background point and is precisely identified as a background point; 
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(d) false positive (FP): a pixel that is essentially a background point but is recognized as a 𝜶 

region; According to the four quantitative statistical indicators defined above, the assessment 

criterion we can evaluate including IOU and DICE score as follows 

 

 

The IOU is defined by IOU = TP / (TP + FN + FP) 

 

Dice= 2TP / ((TP+FP) + (TP+FN)) 

 

SCORE         MODEL 
FCNN UNET SEGNET RESNET 

IOU 0.51 0.72 0.72 0.85 

DICE 0.68 0.83 0.83 0.62 

 

Table 7.1: Comparison table based on IOU and Dice score 

 

 

7.6 Chapter Summary 

  

Four different deep learning models have been used for 𝜶 phase identification from Optical 

microscope images. Among these FCNN offered, the least score which can be seen from 

the predicted image whereas signet and resnet++ predicted the features with much better 

accuracy. 
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CHAPTER 8 

Conclusions 

 

 

8.1 Summary of the research findings  

 

The composition corresponding to 4% Si and 0.6% Mg were found to be the optimal one with 

the sintering temperatue and time being 550 oC and 60 min. The hot compacts thus fabricated 

had a minimum density of 92% Al-4Si-0.6Mg alloy and 94% for Al-4Si alloy. 

Specimens extruded at 580 oC and a strain rate of 0.3 s-1 offered the highest density for both the 

Al-4Si alloy and Al-4Si-0.6Mg alloy. 

Microstructural analysis along the longitudinal direction revealed the presence of fibrous grains 

and globular α-Al phase and the primary-Si phase along the transverse direction. Al-4Si alloy 

had a needle shaped silicon particles whereas addition of Mg converted this morphology into 

spheroidal shape which could be found from the SEM image. Similarly the grain size also 

increased because of the addition of Mg. 

Addition of Mg decreased the relative density of the extruded Al-4Si alloy by 1%-2%. But the 

hardness of the Al-4Si-0.6Mg alloy got increased by approximately 30%.  Samples extruded 

close to the eutectic temperature had better relative density and hardness values along with the 

maximum material being conserved. 

Flow stress curves of Al-4Si-0.6Mg alloy shows that, up to peak strain, the dominant 

mechanism is work hardening which increases the stress values. After that, the stress decreases 

and reaches a stable state which can be attributed to the DRV and DRX mechanism. 

Grain growth modelling revealed that holding temperature had much larger significance than 

holding time. Beyond 6000C, the specimens were not stable and the microstructures were 

fluctuating in terms of properties. 

Experimental versus calculated values for grain growth model, peak strain, critical strain, 

dynamically recrystallized grain size, and 50% recrystallized grain were found to agree well 

with each other with maximum error being 19%. 
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Experimental and numerical methods were modelled and validated for predicting the grain size 

in extrusion of powdered Al-4Si-0.6Mg alloy. The obtained models were applied to the 

numerical models and they agree well with the experimental values. Coarse grains were 

observed for temperatures above 580 0C when other process parameters like die angle and 

strain rate were kept constant. 

The results indicate that the bottom section of the extruded profile has coarse grains because 

of the presence of higher liquid content whereas smaller grains at the top end of the specimen 

because of the insufficient liquid and the higher forces acting at the top end of the specimen. 

Al-Si-Mg alloys are fabricated by powder forming process. A spheroidal morphology of 𝜶-Al 

grains was characterized in the Al-Si-Mg alloy. Interdendritic regions consist of binary eutectic 

(Al+Mg2Si), and ternary eutectic (Al+Mg2Si+Si) particles. 

Specimens extruded at temperatures close to eutectic temperatures offered high hardness, better 

relative density, more spherical grains compared with the liquidus temperature.  

Al-Si-Mg alloys with Mg/Si (R) ratio of up to 1.5 offered better mechanical properties with a 

clear thixotropic range. For R=2 there was a significant loss in thixotropic property which can 

be seen in DTA (Fig. 6.4) and the grain size reduction from Fig. 6.10. 

Among the deep learning models for phase prediction, FCNN model offered the least 

prediction with IOU score of 0.51 which could be because of being one of the earliest models 

developed. On the other hand ResUnet++ offered a score of 0.85. 

Models were not able to predict the lighter grain boundaries with much higher accuracy. 

Resunet++ and Unet predicted the boundaries with reasonable accuracy. But even though 

Segnet model had higher values it over predicted the dark spots in the images. 

 
 

8.2 Scope for future work 

 
The extensive research effort on the deformation characteristics of P/M processed Al-Si-Mg 

preforms utilizing experimental and modelling under various deformation conditions during 

hot extrusion can be applied to a wide range of dimensions of future research work as shown 

below: 

1) Addition of rare earth elements to modify the grain size as well as the mechanical 

properties of Al-4%Si-0.5%Mg after hot extrusion. 
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2) Failure studies on the compacted samples and extruded samples could be done both 

experimentally and numerically. 

3) Dislocation based microstructure modelling both experimentally and numerically 

would provide better understanding of the mechanisms affecting the evolution of 

grains in Al-Si-Mg alloys. 

4) Further advanced deep learning algorithms can be used for identification of 

morphological features of Si in the images thereby enabling better identification of 

features can be carried out. 

5) Automatic segmentation of the images can also be investigated to reduce the human 

error involved in it. 
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