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ABSTRACT 

 

 Microstructure having mixture of coarse and fine grained microstructure (bimodal or 

layered) in Al and few wrought Mg alloys were reported to exhibit superior mechanical 

properties when compared to the homogeneously fine grained microstructure but such studies 

were not carried out in as-cast Mg alloys. Motivated by the gap in the literature, layered 

microstructure containing fine grain and as-cast microstructure was generated using friction stir 

processing (FSP) and its effect on mechanical behavior was studied in this work.  Preliminary 

studies were carried out on the tensile and fracture toughness behavior of as-cast material in 

solutionized (T4) and aged (T6) conditions. Then, layered microstructure with the mixture of 

fine grain and as-cast microstructure was obtained by multipass friction stir processing (FSP) 

using three tools with different pin lengths. Change in the as-cast microstructure after FSP, as 

well as effect of the tool pin length on the FSPed microstructure were analyzed before studying 

the effect of layered microstructure on the mechanical behavior of the material. Finally, a 

constitutive equation was developed for the superplasticity of FSPed AZ91 Mg alloy and its 

parameters are correlated with the microstructural evolution happened during the superplastic 

deformation. 

  In the preliminary study on as-cast material, the alloy was heat treated to 416ºC for 48 

hours and air quenched to get T4 condition (solutionized). Further, T4 solution treated alloy was 

heat treated at 167ºC for 24 hours and air quenched, to get T6 condition (solutionized and aged). 

The tensile test and fracture toughness test of AZ91 alloy in as-cast, T4 and T6 conditions were 

carried out. The tensile tests showed improvement in strength from approximately 80 MPa in 

cast alloy to 132 MPa in T4 condition and the corresponding improvement in ductility from 

0.8% to 4.7%. After aging (T6 condition) the strength remains almost same, 130 MPa, but the 

ductility reduced to 2%.  The tensile fractographs of as-cast and T6 samples exhibited cleavage 

facets and river patterns while T4 samples exhibited quasi-cleavage fracture morphology. The 

fracture toughness was measured using J-integral method. The JⅠC value increased from 1.7 

kJ/m2 in as-cast material to 4.2 kJ/m2 after solution treatment but reduced to 3.2 kJ/m2 after 

aging. Crack bridging due to second phase particles was observed in the fatigue pre-crack 

regions. Precipitate/matrix interface resists crack growth at the crack front. This resistance force 

decides the fracture toughness of the samples.  
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 After studying the mechanical behavior of cast material, multipass FSP was performed 

using tools with different pin lengths. Three tools: PL4 with 4 mm pin length, PL5 with 5 mm 

pin length and PL7 with 7 mm pin length, were used. The effect of tool pin length on the 

microstructure and tensile properties were studied. Three zones were observed from the 

processed regions. ZONE Ⅰ was only affected by the tool shoulder, ZONE Ⅱ was influenced by 

both the shoulder and the pin while ZONE Ⅲ was affected only by the tool pin. ZONE Ⅰ and 

ZONE Ⅱ were present in the processed region of the samples FSPed using all the three tools. 

Semi-circular ring patterns were observed at ZONE Ⅲ in samples processed using tools PL5 

and PL7. ZONE Ⅲ was absent in the material processed by tool PL4. There were no differences 

in the phases formed and their distribution after process using the three tools. The tensile 

strength increased from 290 MPa in tensile sample processed by tool PL4 to 340 MPa in tensile 

sample processed by tool PL7 and the ductility remains nearly same in all the cases. The results 

confirmed that the variations in the properties with increasing thickness of the processed region 

was insignificant. It ensures that the properties of layered microstructure (in subsequent 

chapters) can be analyzed considering similarity in the processed region using three tools with 

different pin length. 

 Three kinds of layered microstructures was generated through the thickness of the 

material, namely, HFG, SFG and FFG by multipass FSP. Its effect on room temperature 

mechanical behavior were studied. Tensile test, notch fracture toughness test and high cycle 

fatigue test were conducted to understand the effect of layered microstructure on mechanical 

properties. The tensile properties, namely, yield strength, tensile strength and percentage 

elongation of AC material were found to be 92 MPa, 100 MPa and 0.8% respectively and the 

corresponding values for FFG were found to improve to 242 MPa, 327 MPa and 4.7%. For HFG 

and SFG, these values were found to follow the rule of mixture. Grain size strengthening as well 

as solid solution strengthening have contributed in improvement of the strength after FSP. The 

fracture morphology was intragranular cleavage in as-cast region and intergranular in FSPed 

region. The apparent fracture toughness (KQ) values of single edge notch bend (SENB) samples 

without precrack were compared, and the results showed improvement from 6.2 MPa√m in AC 

to 12.3 MPa√m in FFG material.  SFG material showed pop-in phenomenon as crack originated 

from the as-cast region was arrested by the tougher FSPed region on both the surfaces. Number 

cycles to failure during high cycle fatigue also found to increase with the increase in FSPed 

region. 
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 To study the effect of layered microstructures (HFG, SFG and SFG) on the superplastic 

behavior high temperature tensile tests were carried out at 350 °C using three different initial 

strain rates i.e. 5×10−3 s−1,1×10−3 s−1 and 5×10−4 s−1. The FFG material showed superplasticity 

at all strain rates and highest ductility of 680 % was achieved at the strain rate of 5×10−4 s−1. 

The AC and HFG material displayed very low elongation while SFG material exhibited 

superplasticity of 388 %. The superplastic behaviour in SFG was due to increase in the fraction 

of fine grain microstructure and modification of as-cast microstructure on both the surfaces. 

Microstructure and texture studies revealed that grain boundary sliding accommodated by grain 

boundary migration and grain rotation were responsible for superplasticity in FSPed region. 

 The constitutive equation for the superplasticity of full thickness fine grained material 

was developed using tensile data of the high temperature deformation performed at temperatures 

(150 °C, 250 °C and 350 °C) and at three different strain rates (5 ⅹ 10-3 s-1, 1 ⅹ 10-3 s-1 and 5 ⅹ 

10-4 s-1). Maximum elongation of 818 % was observed at 250 ⁰C and at a strain rate of 1 ⅹ 10-3 

s-1. Strain hardening was observed in the flow behavior of samples tested at 250 ⁰C and 350 ⁰C. 

Variation in parameters of the constitutive equation with increasing strain were observed. The 

strain hardening observed at 250 ⁰C, at a strain rate of 5 ⅹ 10-4 s-1 and at 350 ⁰C, at the strain 

rates of 1 ⅹ 10-3 s-1 and 5 ⅹ 10-4 s-1 was attributed to dynamic grain growth caused by GBS. Thus 

the variation in material parameters with increasing strain was due to the non-steady flow caused 

by dynamic grain growth during superplastic deformation in FSPed AZ91 Mg alloy. 
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CHAPTER 1 

INTRODUCTION 

 

Amidst materials like titanium, lithium and scandium which have significant impact on 

the quality of our life, magnesium gains attention as its global supply and demand are growing 

in a faster rate than the global gross domestic product which is approximately 3.3 % from 2002 

to 2014.  Its production had grown at a compound annual growth rate which was slightly under 

6 % meanwhile its demand was closer to 7% [1].  

 

 

Fig. 1.1: (a) Magnesium production from 2002 to 2014 [1], (b) World motor 

vehicle production from 1950 to 2013 [2], (c) Global greenhouse gas emissions by sectors 

and [3] (d) Global CO2 emission by countries [3]. 

 



4 

 

The demand for Mg (Fig.1.1(a)) is due to increase in the rate of annual production of 

vehicles all over the world [2] (Fig.1.1(b)). Boeing has predicted the need of over 39600 

airplanes over next 20 years [4]. Mg is the lightest metal capable of serving as both structural 

and non-structural applications therefore it is expected to replace most of the steel and aluminum 

in automobile and aviation sectors to incur fuel economy and to reduce CO2 emission [5].  Since 

the beginning of industrial revolution(1750), anthropogenic CO2 emissions increases from 280 

ppm to 406 ppm in the early 2017 [6]. Transportation and manufacturing industries are the most 

emitter of CO2 next to power and agricultural sectors (Fig.1.1(c)) and 61 % CO2 emission was 

created by China, US, European Union and India (Fig. 1.1(d))  [3] .  Hence, the growth rate of 

Mg production well in excess of GWP is a strength for economy as well as environment. 

The first application of Mg in automobile was the engine piston developed by Dow 

Chemicals in USA for Indy 500 racing cars in 1921 [7]. Later, sand cast crank cases were 

commercially developed in England and Germany in 1930s. Automotive magnesium 

consumption reached it peaks when Volkswagen Beetle was introduced with major application 

of Mg in air cooled engine and gear box castings which together weighs only 20 kg. However, 

greater power requirement for the engines increases its operating temperature and load. It 

necessitates the modification of air cooled engine to water cooled engine which eliminate Mg 

as structural powertrain material in automobiles after 1970s. Similarly in aerospace applications 

Mg was main structural metal used for German military aircrafts during World War Ⅰ and 

extensively used during World War Ⅱ in US Air forces’ long range bombers B-36 and B-52 [8]. 

Boeing used 1200 Mg parts in the airplanes built during 1962-1984 [5] but in modern aviation 

many of these applications were reduced due to its apparent fire hazard and limited only to non-

structural parts in aerospace applications [9]. However, in recent years, with safe design 

practices Mg alloys found numerous application in automobiles. In aerospace applications, 

following the Federal Aviation Administration (FAA) conditional approval of using magnesium 

based materials in aircraft cabin in seat construction replacing Al based alloys reduces 30 % of 

total weight. This translates into 360 kg weight saving for a typical 117-seat narrow body Airbus 

A318 and up to 4200 kg for a 700 seat Airbus A380 wide body plane [10]. 

Commercially, Mg alloys can be divided into two categories; wrought alloys and cast 

alloys. Mg have relatively low melting point and it is easy to melt and cast. Therefore, 98 % of 

Mg in structural applications are cast products but the large dendrites, brittle interdendrites and 

casting defects like porosity reduces its strength. Its hcp crystal structure offers only two 
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independent slip systems at room temperature leads to poor ductility. According to both Taylor’s 

theory [11] and von Mises criteria on distortion [12,13], any material should possess five 

independent slip systems to deform plastically. The tensile properties of wrought Mg alloys are 

better than the cast alloys but have a higher asymmetry of yield [14]. Though Mg and its alloys 

are widely used in automobile industries, certainly, its usage by the leading aircraft 

manufacturers (Airbus, Boeing, and Lockheed Martin) is very limited [15,16]. The comparison 

of tensile properties of materials used in aerospace materials is shown in the Fig.1.2. As the 

desire to use magnesium for high performance application in automobiles and airplanes has 

been growing [7,17–24], it possess serious challenges to researchers in improving the 

mechanical properties of Mg alloys to compete with aluminum and steel. There are many 

research articles focused on improving the mechanical properties of Mg alloys by processing to 

obtain suitable microstructural modification which imparts one or more of the strengthening 

mechanisms, namely, solid solution strengthening, precipitation hardening, dislocation 

interactions or Orowan strengthening and grain refinement [25–32]. 

 

Fig. 1.2: Typical yield strength and elongation of some metal alloys [16]. 

 

Improving strength by grain refinement is one of the prominent research area in recent 

times. [33,34]. The Hall-Petch slope of Mg alloys is greater than Al alloys, therefore, grain 
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refinement is more effective strengthening mechanism in Mg alloys when compared to Al alloys 

[35]. Grain refinement in Mg alloys can be achieved by various means. For example, 

conventional metal working methods like; rolling, forging and extrusion [31,36–38], severe 

plastic deformation (SPD) methods like; equal channel angular extrusion (ECAE), accumulative 

roll bonding (ARB), high pressure torsion (HPT),  friction stir processing (FSP) [39–44] etc. 

Intense plastic deformation reported to modify the microstructure as well as impart 

crystallographic texture to the material [45]. 

FSP is a solid state processing technique for changing material properties by severely 

localized deformation. This deformation is caused by stirring motion when a non-consumable 

rotating tool is inserted in to the work piece and pushed laterally.  It can also be used as bulk 

processing technique by performing multiple passes with 50% overlap between two consecutive 

passes. FSP can be used a) to reduce porosity, b) to achieve uniform distribution of second phase 

particles in the matrix and, c) grain refinement, d) to prepare surface composites and solid 

solutions [46,47], in order to improve the mechanical properties. FSP can be used for 

microstructural modification of surface or full thickness. The pertinent question therefore is 

whether one need to process full thickness or only the surface to improve the properties. 

According to the Griffith criterion, the surface defects are most critical and hence 

microstructural modification at the surface appears to be an economical alternative. In order to 

understand the behavior of microstructural modification on the mechanical properties in Mg 

alloy, hard to work, cast AZ91 Mg alloy was selected. As FSP has a distinct feature of modifying 

the microstructure locally, it was used to fabricate layered microstructure. The layered 

microstructure contain layers of as-cast coarse grains as well as FSPed fine grains through the 

thickness. The thickness of the fine grained region was controlled using the FSP tool pin length.  

A brief description about the sequence of work performed are; initially, the properties 

of as-cast microstructure were studied after solution treatment and ageing conditions. 

Subsequently multipass FSP was performed using different tool pin lengths then layered 

microstructures was generated which contains the layers of as-cast and FSPed microstructure. 

Then its influence on mechanical properties were analyzed. Finally, a constitutive equation was 

developed for the superplasticity of FSPed Mg alloys. 

In Chapter 2, the literature review is provided with detailed understanding about Mg 

and its alloys, methods to improve their properties, FSP in general and FSP of Mg alloys, factor 

affecting FSP and its influence on microstructure, texture and mechanical properties, namely; 
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tensile, fracture, fatigue and superplasticity. Moreover, the influence on mechanical properties 

due to the microstructural variation in terms of grain size are also discussed. The objective of 

the work is defined based on the important findings and gaps found from the reviewed 

literatures. 

In Chapter 3, the experimental work is explained in detail according to the sequence of 

works performed. First, about the solution treatment and heat treatment of as-cast alloy; second, 

FSP using different tools, and third, experimental details of all mechanical tests (tensile, 

fracture, fatigue and superplasticity). Finally, materials characterization methods (OM, SEM, 

XRD, EDS and EBSD) were described and performed wherever required.  

In Chapter 4, the microstructure and the mechanical properties of AZ91 alloy in as-cast, 

solution treated and aged conditions were studied. Dissolution of second phase particles was 

observed, during solution treatment (T4), in the optical micrograph of samples removed from 

furnace at different time intervals and re-precipitation of particles observed in samples after 

ageing treatment (T6). The tensile and the fracture toughness test of the three conditions were 

performed and analyzed. The fracture toughness values were evaluated using J-integral method.  

In Chapter 5, the effect of tool pin length on the microstructure and tensile properties 

of FSPed AZ91 Mg alloy were studied. Three tools: PL4 with 4 mm pin length, PL5 with 5 mm 

pin length and PL7 with 7 mm pin length, were used. The results confirmed that the variations 

in the properties with increasing thickness of the processed region was insignificant. It ensures 

that the properties of layered microstructure (in subsequent chapters) can be analyzed 

considering similarities in the processed region using three tools with different pin length. 

In Chapter 6, multipass friction stir processing (FSP) was performed on as-cast (AC) 

AZ91 magnesium alloy with different tool pin lengths to introduce layered microstructure 

through the thickness, namely, HFG, SFG and FFG. Tensile tests, fracture toughness test on 

samples without fatigue pre-crack and high cycle fatigue (HCF) tests were conducted. 

Strengthening mechanisms and fracture morphologies of the tested samples were analyzed to 

understand the effect of layered microstructure on the mechanical properties.  

In Chapter 7, the effect of layered microstructures (HFG, SFG and SFG) on the 

superplastic behavior were studied. High temperature tensile tests were carried out at 350°C 

using three different initial strain rates i.e. 5×10−3 s−1,1×10−3 s−1 and 5×10−4 s−1.  Texture studies 

were performed on samples before and after the test to understand the behavior of layered 
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microstructure during superplastic deformation and the mechanisms responsible for 

deformation in as-cast region as well as in FSPed region are also studied. 

In Chapter 8, the constitutive equation for superplasticity was developed using tensile 

data of the high temperature deformation of FFG material. Tensile tests were carried out at 

150⁰C, 250⁰C and 350⁰C and at three different strain rates of 5×10-3 s-1, 1×10-3 s-1 and 5×10-4 s-

1 at each temperature. The constitutive equation was derived after evaluating the material 

parameters from the data obtained from tested samples.  

In Chapter 9, brief summary of the conclusions for the mechanical behavior of FSPed 

AZ91 magnesium alloys and scope for future work is presented.  
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CHAPTER 2 

LITERATURE REVIEW 

 Friction stir processing (FSP) is a solid-state processing which is suitable for processing 

of hard to deform materials. FSP offers great potential to process HCP materials such as Mg 

alloys. Mg alloys exhibit poor ductility and hence pose a challenge to process it after casting. 

Since Mg is an important structural material because of its low density and high specific 

strength, processing of these alloy is an important problem to be solved. For example, aerospace 

and automobile industries see Mg as a potential replacement for steel and aluminum. Therefore, 

the literature review is started with an introduction to Mg and its alloys and focused on AZ91 

Mg alloy in detail. Further, literature on FSP was reviewed covering factors influencing FSP 

and effect of FSP on the microstructure and mechanical properties. Finally, summary of 

literature review and identified gaps from reviewed literatures were used to formulate objectives 

for the research work. 

 

2.1 Magnesium and its alloys 

 Magnesium (atomic no. 12 and atomic wt. 24.32) occupies a place in Group II of the 

Periodic table. It is the lightest of all commonly used structural materials with a density of 

1.7g/cm3, approximately one third that of aluminum. It is the third most abundant metallic 

element in the earth’s crust. Magnesium must be alloyed with other metals for engineering 

applications. The alloying elements of Mg and their effects are presented in the Table 2.1. The 

popular commercial magnesium alloys include AZ series (Mg-Al-Zn), AM series (Mg-Al-Mn), 

AE (Mg-Al-RE), EZ (Mg-RE-Zn), ZK (Mg-Al-Zr) and WE (Mg-RE-Zr), where RE stands for 

rare earth elements. The aluminum and zinc based Mg alloys (AZ series) offer good strength, 

corrosion resistance and castability. These alloys are produced using sand casting or die casting. 

The aluminum and manganese based Mg alloys (AM series) possess good ductility and used in 

forged and extruded conditions. The rare-earth based alloys have good creep resistance and used 

for high temperature applications. Moreover, the addition of different elements like  Ca, Ce, Y, 

Nd, Be, Li, Bi, Sb, Ag, Ti, Gd and Zr with existing AZ, AM and rare earth based Mg alloys to 

achieve specific properties were reported by Friedrich and Mordike [48].  
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Table. 2.1: Alloying elements of Mg and its effect [49]. 

Alloying 

Element 
Effects of Addition 

Aluminum 

 most widely used in alloying due to numerous favorable effects 

 increases hardness, strength and castability while only increasing density 

minimally 

 average alloy contains about 2-9 weight percent of aluminum and can be heat 

treated with > 6 weight percent 

 increased amount of aluminum decreases the ductility of the alloy 

Beryllium 

 included only in very small quantities 

 significantly reduces surface melt oxidation during processing 

 grain coarsening can occur 

 can be a carcinogenic material and is being rejected for use 

Calcium 

 improves thermal and mechanical properties as well as assists in grain 

refinement and creep resistance 

 reduces oxidation during processing when added to cast alloys 

 allows for better rollability of sheet metal 

 additions exceeding 0.3 weight percent, increases the risk of weld cracking  

 reduces surface tension 

Cerium 

 improves corrosion resistance 

 increases plastic deformation capability, magnesium elongation, and work 

hardening rates 

 reduces yield strength 

Copper 
 assists in increasing both room and high temperature strength 

 negatively impacts ductility and corrosion resistance 

Manganese 

 increases saltwater corrosion resistance within some aluminum containing 

alloys 

 reduces the adverse effects of iron, usually present in 0.2-0.4 weight percent 

Nickel 
 increases both yield and ultimate strength at room temperature 

 negatively impacts ductility and corrosion resistance 

Neodymium  improves material strength 

Rare Earth 

Metals 

 increase in high temperature creep and corrosion resistance and strength 

 allows lower casting porosity and weld cracking in processing 

Silicon 

 can increase molten alloys’ fluidity 

 improves elevated temperature properties, especially creep resistance 

 only used in pressure die casting 

Strontium  used in conjunction with other elements to enhance creep performance 

Tin 
 when used with aluminum it improves ductility, and reduces tendency to crack 

during processing 

Yttrium 
 enhances high temperature strength and creep performance when combined 

with other rare earth metals 

Zinc 

 second most commonly used alloying metal with magnesium 

 increases the alloys’ fluidity in casting 

 when added to magnesium alloys with nickel and iron impurities, it can 

improve corrosion resistance 

 additions of 2 weight percent or greater tend to be prone to hot cracking 

Zirconium  refines grain size in sand and gravity castings (not combined with aluminum) 
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 Mg alloy containing RE elements like thorium (HZ22) could be used at highest working 

temperature of 350oC but are not generally used since thorium is radioactive [23]. Other rare 

earth elements like Nd are very expensive and rarely used due to its limited availability. This 

suggests that for high volume applications like automobile and aerospace, research and 

development of non-RE based alloys is crucial. Besides, 90 % of Mg alloys used in automobiles 

are cast alloys and one of the most commonly used cast alloys is AZ91 Mg alloy which is 

difficult to form by conventional metal working methods. 

 

2.2 AZ91 Mg alloy 

2.2.1 Chemical composition 

 

Fig. 2.1: Mg-Al binary phase diagram [50]. 

 The AZ91 Mg alloy contains 9 wt. % Al and 1 wt. % Zn.  The aluminium is alloyed with 

Mg to improve strength, corrosion resistance and castability. The Mg-Al binary phase diagram 

is shown in Fig.2.1. It shows that for 9 wt. % Al alloy α-Mg starts to solidify at around 600°C 

and grows dendritically during solidification up to the eutectic temperature of 437°C. Although 

the composition lie in the single phase region but due to non-equilibrium solidification some 

amount of liquid undergoes eutectic reaction [51]. The eutectic mixture consist of α-Mg and β-
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Mg17Al12, an intermetallic compound. In case of AZ91 alloys, zinc takes the position of Al in 

the β-phase as β-Mg17Al11.5Zn0.5, however it is generally considered as β-Mg17Al12 phase [49]. 

Thus, the cast microstructure of AZ91 alloy mainly consists of α-Mg dendrites surrounded by 

the network of eutectic mixture. At eutectic temperature, maximum solid solubility of Al in Mg 

is 12.7 wt. % but the maximum solubility reduces to 3.2 wt.% at 200°C. 

 

2.2.2 Mechanical properties 

 Increasing Al content in Mg alloys increases the volume fraction of β-phase which leads 

to increase in strength but at the cost of ductility [52].  Other than chemical composition, the 

method of casting and heat treatment methods decides the cast material properties.  The heat 

treatment methods to improve the strength of AZ91 Mg alloys are solutionization (T4) and 

artificial aging after solutionization (T6). The mechanical properties of AZ91 alloy obtained by 

various casting methods [7] and heat treatment methods [53] were reported in different articles. 

It shows that the strength at room temperature is below 250 MPa with poor ductility.  

 Engineering materials designed specifically for structural applications are limited by 

their fracture toughness rather than by their strength.  Fracture toughness is the property of a 

material which defines its ability to resist crack or fracture. In addition to chemical composition 

and microstructure this property is sensitive to defects such as porosities and inclusions. These 

pre-existing features can assist crack initiation and accelerates crack propagation. Although 90 

% of the cast Mg alloys used in structural applications are made of AZ91 alloys, its toughness 

properties does not match for some of the applications in automobiles like, seat components, 

instrument panel and steering wheel cores [54]. Fracture toughness values of material can be 

evaluated by calculating the critical stress intensity factor (KⅠC in MPa√m) or by calculating the 

critical energy required by the crack to grow (JⅠC in kJ/m2). For AZ91 Mg alloys KⅠC values were 

in the range of 7.6 to 14.5 MPa√m and JⅠC values were around 5 kJ/m2 [55–59].  

 Fatigue is a failure mechanism of engineering materials, in which materials fail well 

below its yield strength under cyclic loading. The fatigue strength of magnesium alloys is 

linearly related to the tensile strength [60]. The inhomogeneities and discontinuities, like 

porosities, second phase particles and surface defects affect the number of cycles to failure. 

Absence of such adverse constituents may prolong the materials life but does not prevent fatigue 

failure completely. The reversible slips and twinning and de-twinning in some cases [61,62], 

accumulates large strain that leads to fatigue failure. As porosity and other defects are common 
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in cast materials, there would be large scatter in its fatigue data. Among the AZ series Mg alloys 

AZ91 alloys shows least fatigue life [63].   

 At high temperatures, polycrystalline materials undergo high tensile elongation of at 

least 200 %. Although most of the automobile components are made by castings, sheet metal 

forming is also an important route to manufacture parts that are complex in shape. Superplastic 

forming can produce components with smooth curves and contours from a sheet metal in single 

operation. Superplasticity is exhibited by certain polycrystalline materials at the deformation 

temperature of above 0.5Tm, where Tm is the absolute melting point of the material and, strain 

rate ranging from 10−5 to 10−3 s−1. The material should have stable, equi-axed and fine grain 

microstructure. Materials deformed at low temperatures resist necking by work hardening while 

superplastic materials resist necking due to the sensitivity of flow stress to strain rate, called 

strain rate sensitivity (m) [64]. Among Mg alloys ZK60 showed a best ever ductility of 3050% 

with an initial grain size of 0.8 μm [65]. Maximum elongations obtained by different Mg alloys 

vary depending on the material and initial microstructure [66–70]. 

 

2.2.3. Strengthening mechanisms 

2.2.3.1 Grain size strengthening 

 The decrease in grain size increases the volume fraction of grain boundary. The grain 

boundaries are highly disordered which prevents continuous slip of dislocations. It also pins the 

dislocation motion and resists its further propagation. As adjacent grains have different 

orientation the dislocations requires more energy to change direction and propagate in to the 

next grain. The piled-up dislocations will delay the onset of plastic deformation and increases 

the yield strength of the material [71]. The grain size contribution to the yield strength (𝜎𝑦) is 

evaluated using the familiar Hall–Petch relation given by eqn. 2.1. 

 

𝜎𝑦 =  𝜎0 + 𝐾𝑑
−1

2⁄        2.1 

  

Where, 𝜎0  is intrinsic lattice resistance to basal slip, d is the grain size of the material and k is 

the Hall-Petch slope, which depends on material and nature of the processing route. This model 

was first proposed by E.O. Hall, who related the crack length or length of slip bands with grain 

size [72] and N.J. Petch, who related the cleavage strength with ferritic grain size at extremely 

low temperatures [73]. Since then, six decades of use of Hall-Petch relation on large number of 
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materials were reviewed by Armstrong [74]. The relationship holds well not only for hardness 

and yield strength but also for fatigue, fracture mechanics, shear banding and strain rate 

sensitivity. Ductility in Mg alloys also reported to improve after grain refinement [75,76]. 

 

2.2.3.2 Solid solution strengthening 

 The strength of the pure metals can be improved by solid solution strengthening [77]. 

After alloying with solute atoms, the elastic strain around the lattice resists the dislocation 

motion and hinders plastic deformation. The solid solution strengthening effect of Al in Mg was 

investigated by Caceres and Rovera [29]. Their observations are compatible with the single 

crystal data of Aktar and Teghtsoonian [78] and hence, the solid solution strengthening (𝜎𝑠) 

contribution is evaluated according to Eq. 2.2. 

 

𝜎𝑠 = 𝐶𝑋
2

3⁄        2.2 

 

 where C= 197 (MPa X-2/3) and X is the atomic fraction of solute. 

 

2.2.3.3 Orowan strengthening 

 The interaction of precipitates with dislocations leads to Orowan strengthening. The size, 

shape and number fraction of the precipitates influences the dislocation interaction and 

considerably affect the mechanical properties of the material [79–82]. The Orowan 

strengthening (σd) due to plate shaped precipitates and spherical shaped precipitates are given 

by Eq.2.3 and Eq. 2.4 respectively by Nie [83]. 

 

σd =  
Gb

2π√1−v(
0.953

√f
−1)d

ln
d

b
     2.3 

σd =  
Gb

2π√1−v(
0.779

√f
−0.785)d

ln
0.785d

b
    2.4 

 

where G is the shear modulus (17 GPa for magnesium), b is the Burgers vector (3.2 ⅹ 10-10 m), 

v is the Poisson’s ratio (0.35), f is the phase fraction of β-phase and d is the mean planar diameter 

of the precipitates. Other than grain boundary strengthening, solid solution strengthening and 

precipitate hardening, dispersion hardening [84–86] also reported to contribute to the 
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strengthening of AZ91 alloy. Further, work hardening was influenced by both solid solution and 

precipitate hardening [87].  

 

2.2.4. Deformation mechanisms 

 Magnesium contains hexagonal close packed crystal structure. Its lattice parameters are 

c = 0.519 nm and a = 0.318 nm, hence it has c/a ratio of 1.624 close to the ideal c/a ratio of 

hexagonal materials. Initial deformation in Mg starts with basal slip, further deformation 

depends on other parameters such as, c/a ratio, temperature and loading condition [26]. Slip on 

basal plane offers only two independent slip system. According to von Mises criterion, the 

material must possess five independent slip system in order to deform plastically without failure. 

However, high shear stress is required to activate slip on prismatic and pyramidal planes which 

results in brittle behavior [88].  The slip planes, namely, basal, prismatic and pyramidal in Mg 

are shown in the Fig. 2.2(a), (b) & (c) respectively. 

 

Fig. 2.2: Slip systems in Mg (a) basal slip, (b) prismatic slip and (c) pyramidal slips [3]. 

 

Table 2.2: Slip systems in Mg [33] 

Direction Plane Slip System 
Number of 

independent slips 

〈𝑎〉 Basal {0002}〈112̅0〉 2 

〈𝑎〉 Prismatic {11̅00}〈112̅0〉 2 

〈𝑎〉 Pyramidal 1st order {11̅01}〈112̅0〉 4 

〈𝑎〉 + 〈𝑐〉 Pyramidal 2nd  order {101̅1}〈112̅3̅〉 4 

〈𝑎〉 + 〈𝑐〉 Pyramidal 2nd  order {21̅1̅1}〈112̅3̅〉 4 

〈𝑎〉 + 〈𝑐〉 Pyramidal 2nd  order {112̅2}〈112̅3̅〉 4 

 



18 

 

Table 2.2 shows different slip systems in Mg and number of independent slip sytems 

they offer. Only basal, in case of c/a ratio approximately equal to the ideal value of 1.633, or 

prismatic slip, in case of c/a ratio lesser than the ideal value, will be activated at room 

temperature in hexagonal closed packed material. The critical resolved shear stresses for non-

basal slips (prismatic and pyramidal slips) will be reduced at temperatures above 200°C. The 

pyramidal slips contains large burgers vector (c + a) and small interplanar distance which makes 

it difficult to activate at room temperature. Increasing the temperature will ease the activation 

process of pyramidal slip system. These additional slip planes improve ductility at higher 

temperatures. 

Other than slip, twinning plays an important role in the deformation of Mg and its alloy. 

Twinning may reorient the crystal lattice which can activate other slip systems and enhance the 

ductility [89–91]. There are two types of twins generally observed in hexagonally closed pack 

materials; tension twins and compression twins. Twinning causes shear in one direction only, 

hence, tension twin and compression twin represents the sense of the strain developed on the c-

axis of the crystal while twinning. The most common tensile twin in Mg occur in the twin plane  

{101̅2} and shears in the  〈101̅1̅〉 direction (Fig. 2.3(a)) while compression twin occur in {101̅1} 

plane and shears in the 〈101̅2̅〉 direction (Fig. 2.3(b)). Double twinning also found in Mg during 

compression at -196°C [92,93]. 

 

 

Fig. 2.3: (a) tensile twin and (b) compression twin [94]. 

 

 Interactions of dislocations with solutes is an important strengthening or/and 

deformation mechanism in Mg alloys. Tsuru and Chrzan [95] studied the solute dislocation 
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interaction in Mg using different solute atoms. Addition of Al and Zn were reported to have less 

influence on the dislocation interaction when compared other solute atoms like, Y, Ca, Ti and 

Zr. The interaction of β-Mg17Al12 particles with basal and prismatic slips were studied by Liao 

et al. [96,97]. Both basal and prismatic slips have ability to shear through the matrix and 

precipitate/matrix interface instead of looping around the obstacle. They considered this 

interaction as an extreme case of Orowan mechanism where the strength of the 

precipitate/matrix interface is weak.   

 Three important deformation mechanisms at high temperature deformation are diffusion 

creep, grain boundary sliding (GBS) and slip by dislocation movement. The mechanisms are 

common to both creep and superplasticity. Diffusion creep is the vacancy movement from the 

parallel-to-applied stress grain boundaries which experiences tension to the transverse grain 

boundaries, which experiences compression (perpendicular to applied stress), . If the vacancy 

transfers takes place through the crystal lattice then the diffusion creep is called Nabarro-Herring 

creep. If the vacancy transfer occurs through grain boundaries then the diffusion creep is called 

Coble creep. As the vacancies occupy the transverse grain boundaries and get absorbed, a 

counter flux of atoms occurs towards the parallel-to-applied stress grain boundaries and cause 

grain elongation. Diffusion creep can be accommodated by another deformation mechanism 

GBS [98] and contains elongated grains [64]. The GBS that accommodating diffusion creep is 

called Lifshitz GBS. The other type of GBS called Rachinger GBS or simply GBS is a 

mechanism where adjacent grains displaced at the grain boundaries between them but the grains 

remain equi-axed. GBS is impeded by obstacles like triple junctions or other type of stress 

concentration. Hence, GBS also required accommodation process. The accommodation process 

for GBS are delivered by slip activities like dislocation slip, grain rotation, grain boundary 

migration and grain re-arrangement [99,100].  

 Dynamic recrystallization (DRX) is one another important deformation mechanism in 

many metals and alloys including Mg which produce fine grain microstructure. As fine grain 

microstructure is essential to improve material’s mechanical properties as well as it helps in 

improving the superplastic elongation of the material. The important factors that influence DRX 

are initial grain size, second phase particles, stacking fault energy (SFE), and thermomechanical 

processing and severe plastic deformation conditions [101]. There are three types of DRX, 

namely, discontinuous DRX (DDRX), continuous DRX (DDRX) and geometric DRX (GDRX). 

Nucleation of new grains and grain growth at the expense of regions full of dislocations is called 
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DDRX [102] which is mostly observed during hot deformation of materials with low to medium 

SFE. In materials with high SFE, the sub grains or cell structure with low angle grain boundaries 

(LAGBs) formed during deformation are gradually evolved in to high angle grain boundaries 

(HAGBs) due to efficient dynamic recovery, which is known as CDRX [103].  In material like 

aluminium, the grains elongate with local serrations at high temperatures and large strain.  On 

further increase in strain, these serrations pinch off and form high angle grain boundaries which 

is called GDRX [104]. 

Grain refinement through DRX can be achieved by different thermomechanical 

processing methods or severe plastic deformation methods. There are different SPD processes 

like equal channel angular pressing (ECAP), high pressure torsion (HPT), accumulative roll 

bonding (ARB), repetitive corrugation and straightening (RCS) obtained fine and ultrafine 

grains [105,106]. In ECAP, a rod shaped samples passed through the die with channels of equal 

cross section. Severe plastic strain was induced in the material and on repetitive passes the shear 

strain accumulates cumulatively up to 100-1000 and forms bulk fine to ultra-fine grains. 

However, it has several disadvantages like special shape of sample, smaller size, expensive tools 

and high power requirements restricts its use. HPT also requires high-power and expensive tools 

to operate and its parameters are difficult to control while ARB is simple as it doesn’t require 

any special equipment but it is detrimental to the roll life and difficult to maintain. Similarly 

RCS and other SPD methods have some difficulties in achieving the continuous production in 

industry.  

 

Table 2.3: Key benefits of FSW/FSP [107]. 

Metallurgical benefits Environmental Benefits      Energy benefits 

1. Solid phase process. 

2. Low distortion of 

workpiece. Good 

dimensional stability and 

repeatability. 

3. No loss of alloying 

elements. Excellent 

metallurgical properties. 

4. Fine microstructure.  

5. Absence of cracking.  

1. No shielding gas required. 

No surface cleaning 

required. Eliminate 

grinding wastes. Eliminate 

solvents required for 

degreasing. 

2. Consumable materials 

saving, such as rugs, wire 

or any other gases. 

1. Improved materials use 

allows reduction in 

weight. Energy required 

for processing is as 

simple as milling 

operation. 

 

 

FSP is relatively a new solid state processing technique developed by Mishra et al [108] 

which is comparatively an easier method to obtain grain refinement. FSP is derived from FSW 
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which was invented at The Welding Institute of UK in 1991 [109]. It has several benefits over 

the SPD methods which are presented in Table 2.3. Moreover, FSP has several advantages like 

surface modification, modify cast microstructure, produce surface composites and can be 

modify the microstructure either locally or in the bulk of the material by multipass FSP. 

 

2.3 Friction stir processing (FSP) 

FSP is a solid state thermo-mechanical processing method as it softens and modify the 

microstructure of metallic materials by the synergy of frictional heat and severe plastic 

deformation. The schematic of FSP is illustrated in the Fig. 2.4. A rotating tool harder than the 

work piece material with a pin is plunged into the plate till its shoulder comes in contact with 

the surface and then traversed along the length of the plate. During the process the soften 

material will flow from advancing side to retreating side around the pin. Advancing side is the 

side of the tool in which tool rotation and traverse are in same direction whereas retreating side 

is the side in which tool rotation and traverse are in opposite direction. This flow of material 

around the pin generates a stir zone which have a microstructure different from the base 

material. The direction parallel to process is called process direction (X), the direction parallel 

to width of the plate is transverse direction (Y) and the third mutually perpendicular direction is 

normal direction (Z).  

 

 

Fig. 2.4: Schematic of FSP. 

 

FSW found its successful application in joining highly alloyed Al alloys such as 2XXX 

and 7XXX series. These alloys used in aerospace industries required a weld with high strength, 

and good fracture and fatigue resistance. Later, FSP found its application in improving the 

mechanical properties of cast aluminum alloys by modifying its microstructure. This 
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commercial success of FSW/FSP of Al alloys motivated its application on other materials 

including steel, titanium, copper and magnesium. However, the feasibility of processing certain 

material depends on the nature of workpiece, proper selection of tool material, tool geometry 

and process parameters [110]. For example, FSP of steel and titanium alloys were highly 

dependent on the phase transformations due to temperature it attained during the process. In 

case of copper, which have 10-100 times higher thermal diffusivity than steel require low 

traverse speed to provide high heat input. Similarly, magnesium have large thermal expansion 

coefficient which cause large deformation during FSP. Hence, to obtain a good FSP in Mg alloys 

it was necessary to control the heat input during the process by some cooling methods. Mg and 

its alloys are also known for its poor room temperature formability. Therefore the feasibility 

study considering all the factors influencing FSP of Mg alloys were carried out and discussed 

further in this chapter.  

 

2.4 Factors influencing FSP  

2.4.1 Tool material 

The tool material is important for FSP. The selection of tool material, shape and design 

depends on the workpiece material, desired tool life and operators experience and preferences. 

In general the tool used for FSP should possess following properties 

 Good compressive yield strength 

 Creep, thermal fatigue and fracture toughness to resist failure at high temperature and 

repeated thermal cycles 

  Wear resistance to maintain dimension stability of the tool pin and shoulder and 

 Good machinability, low cost and safe to process workpiece material. 

. Nickel and cobalt based superalloy tools are used for FSP of harder materials like steel, 

titanium and copper but they are difficult to machine. Refractory materials like tungsten, 

molybdenum, and niobium are used as tool materials due to their high temperature strength but 

it is costly as it is produced through powder metallurgy route. Carbide materials, ceramic 

particle reinforced MMCs are also used as tool material but their brittle nature results in fracture 

during any mechanical action of the tool.  Polycrystalline cubic boron nitride (PCBN) which is 

originally developed for machining of high speed steels, cast irons and superalloys also used for 

FSP due to their good mechanical and thermal properties but poor machinability, low fracture 
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toughness and high cost limits its usage as a FSP tool. For soft materials like aluminum and 

magnesium the most widely used tool material is tool steel which is cheap and easy to machine. 

 

2.4.2 Tool design 

The material flow during FSP is highly dependent on the pin and shoulder geometry. 

The shoulder geometry is responsible for the frictional heat on the workpiece surface and acts 

as a confinement for heated material. It has outer surface, end surface and end surface features. 

The shape of shoulder outer surface has no influence on the process and so cylindrical outer 

surface is preferred generally. The end surface is used to entrap the heated material below it.  

 

Fig. 2.5: FSP tool shoulder shapes and features [111] 

There are three types of end surfaces; flat, concave and convex as mentioned in the 

Fig.2.5. The flat end surface is not efficient to entrap the flowing material which would flash 

the material out of the shoulder. To restrict materials extrusion concave shoulder end surface 

was designed. The concave end surface shoulder requires 1-3⁰ to the normal direction of 

workpiece and against the processing direction for proper operation. Convex end surfaces are 

used for processing plates thickness lower than 1 mm, since the end surface shape become 

insignificant.  The features of end surface plays a significant role in shearing the entrapped 

material under the end surface of shoulder at high traverse speeds. These features helps the 
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material to flow from edge of the shoulder to the pin which eliminates the necessity of tilting 

the tool.  

The pins are actual processing part of the tool. It deforms the material in front and moves 

the material behind it. Similar to shoulder, pins also have shapes and features. The shapes could 

be squared, cylindrical, tapered cylindrical and the features could be flat, threaded, threaded and 

fluted. The features may help in stirring the material effectively and considerably affect the final 

microstructure of the processed material. The effect of these features on FSP of Al and Mg 

alloys were reported by different authors [112–119]. It was found from the reviewed literatures 

that threaded pins with cylindrical or tapered cylindrical profiles were efficient in producing 

defect free welds or stir zones [120]. Moreover, threaded pins increases the vertical movement 

of material flow around the pin [121]. Even the pitch [122] and the orientation [123] of the 

threads were observed to influence the process. 

 

 

Fig. 2.6: (a) tool diameter versus workpiece thickness and (b) relation between tool 

diameters (pin and shoulder) [111]. 

 

Mironov et al [116] studied the feasibility of FSW on ZK60 Mg alloy with samples of 

different thickness. They reported that thickness of the plate used for FSW have strong influence 

on the quality of the weld or process. The dimensions of shoulder and pin are empirically 

calculated as a function of sheet thickness. In Fig 2.6(a) the shoulder and pin diameters are 

plotted against sheet thickness. It implies that as the sheet thickness increases it requires more 

energy.  Thus the larger shoulder diameter generate more heat and providing it as energy input. 

In Fig. 2.6(b) shoulder diameter was plotted against pin diameter. The shoulder diameter is 2.1 
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times the probe diameter plus 4.8 mm. However, the most commonly used ratio of shoulder-to-

probe diameter is 3. The effect of the ratio of shoulder diameter (D) to pin diameter (d) on FSP 

of AZ31 plates was studied by [117]. The D/d ratio was varied from 2.25 to 5. The ratio greater 

than 3.5 exhibited defects like surface galling and flashes but the average D/d ratio equal to 3.3 

produced good FSP without defects. Moreover, the shoulder diameter also plays significant role 

in plasticizing the material under the tool. The tool with larger area allow heat to concentrate 

during FSP and produced large plastic deformation. The microstructure generated by such large 

diameter tools were found to be stable even at high temperatures [115].  

 

2.4.3 Process parameters 

The process parameters that govern FSP are tool rotational speed, traverse speed, and 

tool tilt angle. The tool rotation speed and traverse speed controls the heat input, strain rate and 

grain size while tool tilt angle controls the flow of material under the shoulder and around the 

pin. Johnson [124], in his work, mentioned that FSW on Mg alloys can be successfully achieved 

at lower processing parameters when compared to aluminium alloys of same thickness. Cerri 

and Leo [125] reported the difficulty in FSP of AZ91 alloy due to formation of tunneling defects 

at higher rotational speeds of above 2000 rpm and at a traverse speed of 30 mm/min. 

Chang et al [126] conducted FSP on AZ31 Mg alloy to study the effect of rotation speed 

on FSP. The traverse speed was kept constant at 90 mm/min and the rotational speed was varied 

from 180 to 1800 rpm. The grain size, strain rate and temperature were found to increase with 

the increasing tool rotation speed. The average grain size generally decreases with increasing 

strain rate and decreasing temperature. At 180 rpm, they obtained a finest grains of average size 

2.2 μm under the temperature and strain rate conditions of 300⁰C and 5.4 s-1 respectively. Lan 

et al [127] performed similar study on hot rolled AZ31 Mg alloy. At rotational speeds of 1300, 

1500 and 1700 rpm and at a constant traverse speed the grain sizes obtained were 11.82 μm, 

12.93 μm and 14.50 μm respectively.  

Hutter et al [128] worked on the optimization of process parameters for FSP on pure Mg 

and AZ91 Mg alloy by varying both rotational speed and traverse speed. They carried out FSP 

using tool rotational speed in the range of 400 to 1500 rpm and traverse speed in the range of 

30 to 52 mm/min. At a rotational speed of 1200 rpm pores were observed but at a rotational 

speed of 900 rpm or less and at traverse speed of 30 mm/min they obtained a pore free and 
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homogeneous microstructure. The optimized process parameters were reported as 900 rpm 

and/or 400 rpm with 30 mm/min for AZ91 Mg alloy and 900 rpm with 30 mm/min for pure Mg.  

In a work by Wang et al [129] AZ31B Mg alloy was friction stir processed using the 

traverse speed of 45 and 90 mm/min and rotational speed varied in the range of 800 to 1400 

rpm. Though they didn’t reported any defects or imperfections in the processed plate in the 

range of process parameters used but found variation in the observed grain sizes. The grain size 

after FSP found to increase with increasing rotational speed and decreasing traverse speed. The 

minimum average grain size of 2.6 μm was obtained at 800rpm and 90 mm/min while maximum 

average grain size of 6.1 μm at 1400 rpm and 45 mm/min. Loke et al [130] also obtained good 

FSPed region using the different combination of process parameters; 490 rpm, 970 rpm, 63.5 

mm/min and 190.5 mm/min. Generally the process parameter used for FSP of Mg alloys were 

below 1 m/min and 1500 rpm. However, Hutsch et al [131] performed single and multipass FSP 

on AZ31 Mg alloy using high traverse speed in the range of 1-10 m/min and high rotational 

speeds of 2000-3500 rpm. They termed it as high speed FSP and obtained defect free process 

zone with fine grains of 2 μm. Increasing the traverse speed results in decrease in size of the 

second phase particles and further influences the mechanical properties of the material [132]. 

The contribution of FSP process parameters on the hardness was analyzed using analysis of 

variance (ANOVA) method by Ramaiyan et al [133]. Traverse speed influences 52 %, tool 

profile 20 % and rotational speed accounted for 17 % of the property enhancement. 

The effect of tool tilt angle during FSP of an aluminum alloy was studied by Long et al 

[134]. The zero tilt angle produces defect while the tilt angle of 2⁰ increases compressive normal 

stress on the rear side of the tool, increase the local temperature, soften the material and aids in 

better material movement around the pin. Hence, no defects were observed in FSPed region at 

2⁰ tool tilt angle. 

 

2.4.4 Pre-heating and cooling 

 Pre-heating and cooling was done to obtain control over the process and final 

microstructure. Rey at al [135] studied effect of pre-heating and cooling during the FSP of AZ61 

and AZ91 Mg alloy. The coarse grain and cast microstructure of AZ91 requires pre heat to 

obtain a sound process zone. In case of rolled AZ61 Mg alloy, it was comparatively easy to 

process without any preheating. Heat extraction or cooling during the process was achieved by 

processing the plate over one of steel backing plate, copper backing plate or copper backing 
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plate containing liquid nitrogen. The rapid cooling using copper backing obtained fine grained 

microstructure and liquid nitrogen cooling generated nano sized grains. Alavi Nia at al [136] 

used rapid cooling system during multipass FSP of AZ31 Mg alloy. The material was cooled 

rapidly after every pass to prevent the thermal effects on successive passes. It also helped in 

keeping the multipass process continuous without stopping intermittently for cooling. However, 

they didn’t mention anything about the effect of tool heating on the continuous multipass FSP. 

The FSP performed by submerging the workpiece under water reported to exhibit extensive 

improvement in ductility [137]. Shen et al [138] used liquid nitrogen cooling for FSW of hot 

extruded AZ31 Mg alloy. The grain size of stir zone was decreased while the grain size of 

TMAZ increased. Moreover, using water for cooling during FSP caused oxide formation on the 

surface [139]. The oxide formation affects the final grain size of the FSPed microstructure. 

Hence, surfaces of the samples were sand blasted after every pass. 

 

2.4.5 Multipass FSP 

Multipass FSP can be performed by overlapping the first pass to the next pass. The 

overlapping ratio can be anywhere between 0 to 100 %. The overlapping ratio (OR) is measured 

using the equation, OR= 1- (l/d), where l is the distance between two passes and d is the diameter 

of the pin. Zero percent OR represents the distance between two passes equal to the pin diameter 

while 100 % OR represents second pass exactly on and above the first pass. Abbasi et al [140] 

performed multiple passes with 100 % overlap to achieve good mechanical properties. Rouhi et 

al [141] reported that 100 % overlapping passes in AZ91 alloy generated microstructure with 

much finer grains, more homogenized and more dissolution of β-Mg17Al12 phase when 

compared to the single pass FSPed materials.  

In order to modify microstructure to certain width of the plate, multipass FSP need to be 

performed with the overlapping condition; 0 % < OR < 100 %. Sato et al [142] produced large 

scale plate of highly formable AZ91 Mg alloy using multipass FSP with 0 % overlap. Su et al 

[143] also produced large-area, bulk and ultra-fine grained aluminium alloy with relatively 

uniform microstructure using multipass FSP with 33 % overlap between passes. Govindaraju et 

al [144] studied the effect of l during the FSP of AE42 Mg alloy. They varied l from 0.5 to 2.5 

mm. There were no effect in the extent of grain refinement but as l increases unprocessed regions 

were found between the processed zones. As tool dimensions were not mentioned in the work, 

the OR was not calculated. Venkateswaralu et al [145] used 0 %, 50 % and 100 % OR in FSP 
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of AZ31B Mg alloy and compared with single pass FSP and base metal. The hundred percent 

overlapped material had shown better microstructural improvement in terms of grain refinement 

and homogenization but the work was not intended to process along the full width of the plate. 

Moreover, the effect of direction of passes, that is, direction of first pass to next pass 

were studied by Tripathi et al [146] during multipass FSP of AZ31 Mg alloy. After first pass, 

the second pass was performed in the same direction, reverse direction and transverse direction. 

There were no apparent effect on grain refinement after the second pass but there was a 

morphological texture observed after the second pass performed in the same direction as well 

as the in reverse direction. Such morphological texture was not observed in the multipass FSPed 

material after transverse direction second pass.  

  

 

Fig. 2.7: FSPed region on AZ91 alloy showing stretched stir zone on advancing side and 

retreating side without any stretch zone [147]. 

During multipass FSP, the tool can be moved, between passes, either towards advancing 

side or retreating side. Material flow simulations were studied during single pass FSP of Al and 

Mg alloys [148,149]. In one such simulation work by Asadi et al [147], it was found that the stir 

zone was stretched towards advancing side and slight backward movement was observed in 

retreating side in AZ91 alloy as shown in Fig.2.7. The effect of overlapping direction during 

multipass FSP of AA 5083-H111 alloy with 50 % OR was studied by Gandra et al [150]. In Fig. 

2.8(a) the overlapping was towards the retreating side which have wavy surface on the processed 

region throughout the width. In Fig. 2.8(b) the overlapping was towards the advancing side, 

which resulted in smooth surface after FSP. The wavy surface was obtained on overlapping 

towards retreating side probably due to the flashes curling over subsequent passes on advancing 

side, whereas these curls were destroyed while overlapping towards advancing side. There were 

no microstructural difference between the two overlapping methods but the mechanical property 
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was best obtained on the material which multipassed by overlapping on retreating side. Johnson 

[124] found that good quality weld was obtained by placing the material on retreating side while 

FSW of dissimilar Mg alloys. 

 

Fig. 2.8: Macrostructure of multipass FSPed plate showing overlapping towards (a) 

retreating side and (b) advancing side [150]. 

 

2.5 FSPed microstructure 

During FSP, the region under the tool pin, called stirred zone, will be subjected to high 

temperature and severe plastic deformation which results in recrystallized grains and 

development of texture. As the temperature due to frictional heat increases to more than 0.5Tm, 

the material in and around the stir zone will undergo precipitate dissolution and coarsening.  

Ma et al [151] performed FSP on cast light alloys including Mg-Al-Zn alloys. They 

brought out two main functions of FSP are; i) refine, homogenize the microstructure and densify 

the maerial and ii) to dissolve β particles in to magnesium matrix. The threaded pin during FSP 

induce plastic deformation at very high strain rate and strain of the order of 102 s-1 and 40. The 

peak temperature under the pin was measured in the range of 300 - 420⁰C. This temperature, 

strain and strain rate resulted in recyrstallization, severe break-up of β particles and 

supersaturation of α-Mg. The increased dislocation density cause pipe diffusion to occur which 

increases the diffusion rate of Al in Mg by 1000 times. Due to broken precipitates, FSP also 

reduces the diffusion distance of Al considerably and hence reduces the time required for 

complete dissolution of Al. Feng and Ma [152] performed FSP on cast Mg-Al-Zn and found 

significant breakup and dissolution of β particles, with 89 % of Al dissolve into the α-Mg matrix 
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and remarkable grain refinement. Traditional solution treatment method requires approximately 

40 hours for complete dissolution of Al in  Mg due to slow diffusion [153] but during FSP, the 

dissolution of β-precipitates in α-Mg happened in minutes due to the frictional heat raising the 

local temperature to the eutectic melting point. Similar observation was reported by Darrus et 

al [154] after FSP on AZ31 Mg alloy.  

Though the reasons given by many authors for reduced volume fraction and finely 

distributed β-particles after FSP were dissolution and mechanical break-up, Robson et al [155] 

found that the high diffusion rate of Al due to broken up precipitates by Ma et al [151] was an 

unreliable argument as it is inconsistent with the fundamental studies carried out by Kilpatrick 

and Balluffi [155].  So, in his work, the pin was deliberately broken and the material was 

quenched rapidly to freeze the microstructure. The frozen microstructure revealed no broken up 

particles but eutectic melting which indicated the occurrence of partial melting followed by 

dendritic growth.  

Yuan et al [156] performed single pass and two pass FSP on cast AZ91 Mg alloy. The 

large plate like precipitates and porosity in the as-cast microstructure were eliminated 

completely. There was considerable grain refinement due to DRX after FSP but the grain size 

was larger (2.8 μm) than that obtained after second pass (0.5 μm) and the microstructure was 

heterogeneous in single pass FSP.  Primary reason for the difference between microstructure 

obtained was the initial microstructure before first and second pass. The smaller grain size after 

second pass FSP was attributed to homogeneous distribution of finer β-particles which pins 

boundary migration and hinders the grain growth. Similar results were observed in pure Al after 

single and double pass FSP by Yadav and Bauri [157]. 

 

2.6 Deformation mechanism responsible for FSPed microstructure 

Park et al [158] studied the microstructure evolution during FSP of thixomolded AZ91 

Mg alloy. Homogeneous, fine grained and supersaturated α-Mg was obtained after FSP due to 

DRX as the peak temperature obtained during the process was higher than the material’s 

recrystallization temperature. The two types of DRX that influence Mg alloys during FSP are 

DDRX in which grains nucleate followed by grain growth and CDRX in which the LAGBs 

gradually deforms to HAGBs. Moreover, CDRX requires less activation energy when compared 

to DDRX [159]. The orientation of grains, stacking fault energies and stored strain energy are 

the factors influencing the type of DRX. Grains with high Schmidt factor are easy to deform, so 
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they are called soft orientations which are capable of achieving large strain and stores large 

strain energy. The converse is true for hard orientations.  Similarly, lower stacking fault energy 

materials are susceptible to stacking faults which blocks dislocation slip and store strain energy. 

On the other hand cross-slip is easy in high stacking fault energy materials. It means low SFE 

can store high strain energy and favors DDRX while high SFE facilitate deformation and assists 

CDRX [160]. 

Yadav and Bauri [161] studied the reason for grain refinement after FSP in commercially 

pure aluminium. TEM studies revealed dislocations, generated due to deformation during FSP, 

were piled-up in a particular plane due to dynamic recovery and form LAGBs. These LAGBs 

converted to HAGBs due to dynamic recovery of the dislocations [162].  In AZ91 Mg alloy, 

during FSW, grain refinement due to discontinuous DRX, was simulated and compared with 

experimental results by Asadi et al [163].  

Chai et al [164] studied the deformation mechanism during FSP on AZ91 Mg alloy under 

two conditions. First one was FSP in air and second was FSP under water. The grain refinement 

and properties were better achieved in the case of underwater FSP.  Based on microstructure, 

deformation temperature and a model criterion based on critical value for nucleation they 

predicted CDRX as deformation mechanism in air FSP while both CDRX and DDRX operated 

in underwater FSP.    

Tripathi et al [165] reported a mechanism for the microstructural origin during FSP of 

AZ31 Mg alloy. Initially the coarse grains sheared off in to thin circumferential bands then 

equiaxed grains developed at HAGBs between these layers. These equiaxed grains undergo 

rapid grain coarsening up to 2 to 4 μm by slow cooling. In case of rapid cooling, grain sizes 

were only few 100 nm in which case the deformation was accommodated by GBS as in 

superplastic deformation. 

 

2.7. Influence of FSP on mechanical properties 

2.7.1 Tensile properties 

Most of the factors that influences FSP, namely, process parameters, cooling and number 

of passes have a significant effect on the microstructure and texture of the FSPed material. 

Microstructure and texture considerably controls the mechanical properties of the material. The 

effect of process parameters of FSP were discussed in detail in section 2.4.3. It gave an idea that 

low rotational speed and high traverse speed produces sound weld and fine grain microstructure. 
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Similarly, Valle et al [166] studied the tensile properties of AZ91 Mg alloy after FSP by different 

cooling methods. As the effect of cooling increases the grains become finer and the yield 

strength increased. 

 

Table 2.4: Tensile properties of as-cast and FSPed AZ80 Mg alloy [167]. 

Conditions Yield strength 

(MPa) 

Ultimate tensile 

strength (MPa) 
Elongation (%) 

As-cast 84.1 120.9 4.1 

As-cast + 

solutionizing 
94.3 176.5 8.8 

Single pass FSP 134.6 188.8 3.0 

Single pass FSP and 

then aged 
156.5 213.3 1.2 

Solutionized and 

then FSP 
109.2 308.8 25.2 

Aged and then FSP 169.2 336.5 16.8 

Two pass FSP 136.7 327.3 25.0 

Two pass FSP and 

then aged 
192.8 355.7 17.0 

  

Feng et al [167] studied the effect of solutionizing and aging treatment on AZ80 Mg 

alloy both before and after FSP. The results of their work are shown in the Table 2.4. Yuan et 

al [156] studied the effect of aging after FSP on AZ91 Mg alloy. The results of their work are 

shown in the Fig.2.9. FSP on solution treated and aged alloys showed significant improvement 

in the strength and ductility when compared to the FSP on as-cast alloy. However, improvement 

in strength of post FSP aged materials were negligible with a reduction in percentage elongation. 

Jamili et al [168] studied the effect of texture in enhancing the strength of FSPed WE43 

Mg alloy. They found that grain refinement, second phase dissolution as well as texture 

hardening also reason for the improvement in mechanical property. In ZKX50 Mg alloy the 

tensile strength of FSPed material was not observed to follow Hall-Petch relation, instead the 

strengthening mechanism was attributed only to the texture formation [169]. In rolled 

magnesium alloys, initial basal texture was found to become random texture which resulted in 

reduction of strength. Woo et al [170] studied the tensile properties of rolled AZ31B Mg alloys 

after FSP and correlated with texture obtained through neutron diffraction measurements. The 

base metal possess rolling texture with high intensities of basal plane normal, parallel to normal 
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direction. After FSP, the basal texture was weakened at the stir zone and reduces the yield 

strength. Yu et al [171] also found that the strength of FSPed plated were found to be lesser than 

the hot rolled plate while the ductility improved with decreasing heat input due to favorable 

orientation of basal slips with Schmidt factor 0.5 in hot rolled AZ31B Mg alloy. In a work by 

Woo et al [172] the reduction in yield strength in the process direction was attributed to the 

reduced residual stress along the process center line. 

 

Fig. 2.9: Stress–strain curves of as-cast and friction stir-processed AZ91 Mg alloy [156]. 

 

In case of cast Mg alloys, basal texture was predominant on the plane normal to 

processing plane [137,173] after FSP. Jain et al [173] found yield anisotropy in FSPed AZ91 

Mg alloy. The yield strength was found to be more for samples with tensile axis parallel to 

transverse direction when compared to the samples with tensile axis parallel to process direction. 

The anisotropy was due to strong basal texture in process direction tilted 30-40⁰ with respect to 

the normal direction. Ageing treatment of FSPed samples found to reduce the yield anisotropy 

ratio to 1.12 from 1.73 due to twin-precipitate interaction while deforming the samples in 

process direction [174].  
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2.7.2 Fracture toughness 

The fracture toughness of Mg and its alloys in as-cast condition as well as after grain 

refinement methods were studied scarcely, even though acoustic emission methods were also 

used to evaluate KⅠC value of AZ91 Mg alloy [175]. Guao et al [176]  studied the effect of grain 

refinement on fracture toughness of AZ31 Mg alloy and found that for the decrease in grain size 

from 32.2 to 9.4 μm the K1C value increased from 17.9 to 18.6 MPa √m. Similarly, the effect of 

grain size on the fracture toughness of ECAPed AZ31 Mg alloy was studied by Xia et al [177]. 

As the grain size varied from 16.47 μm to 1.75 μm the fracture toughness value increased from 

21.1-28.6 MPa √m. Dadashpour et al [178] evaluated fracture toughness of FSPed AZ91 Mg 

alloy and reported in the range of 13 – 16 MPa √m.  

 

2.7.3 Fatigue 

The fatigue properties of as-cast Mg and Al alloys are prone to casting defects [179]. 

Munoz et al [180] artificially created pores and surface defects in an aluminum alloy. It was 

observed that the stress and strain concentration surges when pores interact with surfaces. The 

pores interaction with surfaces were also proved by finite element methods [181,182]. Sharma 

et al [183] found improvement in the fatigue properties A356 aluminium alloy after FSP. The 

cast A356 alloys contained α-Al, eutectic Al-Si particles with size of nearly 80 μm and high 

volume fraction of porosity. After FSP, the Si particles were broken-up and distributed 

uniformly and also the porosities were reduced considerably. It leads to improvement in the 

fatigue property of approximately 80 %.  

Tajiri et al [184] also studied the fatigue properties of A356-T6 alloy after FSP using 

two rotational speeds, 500 and 1000 rpm. The fatigue properties were improved after FSP, the 

lower tool rotational speed enhanced the fatigue properties further when compared to the higher 

rpm. Ni et al [185] found improvement in fatigue property of AZ91 Mg alloy after FSP due to 

grain refinement, elimination of coarse β particles and porosities. In addition to high cycle 

fatigue test Cavaliere and Marco [186] performed fatigue crack growth test in FSPed AZ91 Mg 

alloy. The calculated crystal plasticity size at the crack tip was equivalent to the pore size in as-

cast material whereas after FSP the crystal plasticity size becomes 10 times the grain size. So, 

for crack to grow, the plastic region in front of crack had to cross 10 grains. This confirmed 

finer grains improved the fatigue properties. 
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However, exceptions in the improvement in fatigue property after FSP was observed by 

Afrinaldi et al [187] while performing FSP on extruded flame resistant Mg alloy AMX602.  

Though the microstructure was modified after FSP, neither the hardness followed Hall-Petch 

relation nor the fatigue property was enhanced. The strong texture with high Schmidt factor 

after FSP was the reason for reduced mechanical properties. Similar to tensile properties, 

anisotropy in fatigue properties was also observed due to strong texture formation [188]. 

The crack path during fatigue failure of as-cast or aged AZ91 materials displayed 

deflected crack path due to the presence of interdendritic regions and coarse grains whereas the 

FSPed materials failed with fracture along a straight line due to its fine grain nature [189]. They 

emphasized that the banded structure formed during FSP had no effect on the fatigue failure.  

 

2.7.4 Superplasticity 

Improvement in superplasticity through FSP on Al and Mg alloys have been explored 

comprehensively. The FSPed microstructure with fine and stable grains exhibited exceptional 

superplasticity when compared to unmodified alloys [190–192]. The literature data on the 

superplasticity of AZ91 Mg alloy after grain refinement method was presented in the Table 2.8. 

The conventional methods, namely, FSP, ECAP and high speed rolling with differential speed 

ratio (HSDSR) yield finer grain sizes and larger elongation when compared to the traditional 

rolling and extrusion. Grain boundary sliding was responsible deformation mechanism in Mg 

and its alloys meanwhile grain growth and cavities coalescence was reported as main failure 

mechanism during superplastic deformation. Cavities observed to nucleate at large particles and 

excessive cavities coalescence occurred at large strain of about 1.5 [193]. 
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2.8 Property enhancement by grain size inhomogeneous microstructure  

Mansoor and Ghosh [206] studied the effect of multi-pass FSP on extruded ZK60 Mg 

plate. They found improvement in room temperature mechanical properties of processed alloy, 

which was attributed to layered micro-structure with grain size of 2–5 μm and 100 μm as in the 

Fig. 2.10. 

 

Fig. 2.10: Microstructural collage of layered microstructure in ZK60 Mg alloy 

generated by multipass friction stir processed [206].  

 

Similarly, Witkin [207] and Oskooie et al [208] worked on Al alloys through cryo-

milling and high energy planetary ball milling methods respectively to fabricate mixed coarse 

and fine grain structures and obtained optimum strength and ductility. Wang et al [209] achieved 

enhanced strength and ductility in Cu after thermomechanical treatment with a mixed grain size 

distribution of micrometre-sized grains embedded inside a matrix of nanocrystalline and 

ultrafine (<300 nm) grains. The matrix grains impart high strength whereas, the coarse grains 

facilitate strain hardening mechanisms to give high tensile ductility. Moreover, modifying the 

surfaces were reported to improve fracture and fatigue properties. Caceres and Selling [210] 

mentioned that the area fraction of defects on the fracture surface influences the tensile 
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properties rather than the bulk defect content. Begum et al [211] found that that the fatigue 

cracks were originated from the surfaces with large grains. Perron et al. [212] performed 

molecular dynamic simulation on polycrystalline Al samples and found a linear relationship 

between grain size and surface roughness to an extent of applied strain, while, Liu et al [213] 

reported that surface modification by shot peening decreases surface roughness due to grain 

refinement and becomes reason for improvement in mechanical properties in Mg alloy. 

At high temperature, the effect of fine grains is substantial, even room temperature 

superplasticity was observed after HPT in pure Mg [65] and in Mg-Li alloy [214]. However, 

few studies showed superplasticity in coarse grain Mg alloys also. Watanabe et al. [215] 

achieved superplastic elongation of 196% in AZ31 Mg alloy with an average grain size of 130 

µm. Wu and Liu [216] reported superplasticity of 320% in hot rolled AZ31 Mg alloy with a 

mean grain size of 300 µm. Although, grain size was found to reduce to 25µm during 

deformation due to dislocation slip and climb. Hence the idea of mixed grain size microstructure 

which showed promising improvement in room temperature mechanical properties were 

explored at high temperature also. Fan et al [217] observed more superplastic elongation in 

AA8090 Al-Li alloy which inherently contain three distinct microstructural layers through the 

thickness when compared to superplasticity of surface layers (equi-axed grains) and middle 

layers (elongated grains) alone. Pancholi and Kashyap [218] obtained better bulge profile during 

superplastic bulge forming of AA8090 Al-Li alloy. Later, Pradeep and Pancholi [219] 

deliberately fabricated layered microstructure containing coarse and fine grains in Al 5082 alloy 

using FSP and found that the inhomogeneous microstructures possess superior superplastic 

formability than the homogeneously grain sized materials. Álvarez-Leal et al [220] observed 

superplasticity in extruded ZK30 Mg alloy. During deformation the complex as received 

microstructure evolved into bimodal microstructure. 

 

2.9 Summary of literature review  

The summary of the literature review is presented below; 

1. The strength as well as ductility of Mg and its alloys can be improved by FSP. 

2. FSP has potential to eliminates casting defects and modify microstructures either locally or 

in bulk. 

3. Bimodal grain size or layered inhomogeneous microstructures showed better mechanical 

properties than homogeneous fine grain microstructure.  
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2.10 Literature Gap 

Critical review of the literature suggested that there are few gaps in the understanding of 

FSP of Mg alloys and effect of selective microstructural modification on mechanical properties. 

Few of the gaps are highlighted below; 

1. FSP has been tried mostly on Al alloys or wrought Mg alloys however, few studies are 

reported on cast Mg alloys. 

2. Effect of almost all the processing parameters of FSP on microstructure and properties 

is reported but effect of tool pin length is hardly investigated. 

3. Mostly mechanical properties are studied after single pass or 100 % overlapped 

multipass FSP – that implies limited volume of material is processed and studied. 

4. Effect of layered coarse and fine grain microstructures on fracture toughness and 

fatigue behaviour is rarely reported. 

5. Research work on influence of texture on mechanical behaviour after FSP are few, 

especially in cast Mg alloys. 

 

2.11 Objective 

The objective of the work was intended; 

i) to obtain microstructural modifications in an as-cast AZ91 Mg alloy using 

multipass FSP; only on the surfaces, through half of the thickness and through 

the full thickness. 

ii) to study the efect of this FSP modified microstructure, containing layers  of fine 

grain and as-cast microstructure on the mechanical properties, namely, tensile 

strength, fracture toughness, fatigue and superplasticity. 

iii) to study the influence of microstructure and texture on the mechaical behavior 

and 

iv) to explore the deformation mechanisms operating in the layered microstructure 

of AZ91 Mg alloy. 
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CHAPTER 3 

MATERIAL AND METHODS 

 

3.1 Material 

The material used in this work is AZ91 Mg alloy which contains approximately 9 wt. % 

of Al and 1 wt. % of Zn. The as-cast AZ91 Mg alloy billets were received from Hindustan 

Aeronautics Limited (HAL). The billets were machined in to plates of size; 10 mm thick, 

100mm wide and 110 mm length and used for processing and experiments. 

 

3.2 Solutionizing and aging of as-cast alloy 

In order to understand the mechanical behavior of as-cast AZ91 Mg alloy, tensile and 

fracture toughness was performed on as-cast AZ91 alloy and also in its T4 and T6 treated 

conditions. T4, is a solution treatment method to dissolve the brittle β-phase in as-cast alloy in 

to the α-Mg matrix. As shown in Fig 3.1 the as-cast alloy need to be heated up to 416 ⁰C, hold 

in the same temperature, inside a furnace for 24 to 48 hours and air quench to get the solution 

treated AZ91 alloy. To optimize the time for T4 solution treatment 9 samples were heated to 

416 ⁰C and held them for different durations starting from 16 hours to 48 hours at an interval 

for 4 hours. The samples were air cooled immediately after the specific samples holding time 

and characterized.  

 

 

Fig. 3.1: Schematic temperature profile of T4 and T6 treatment. 
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T6 aging heat treatment was performed after T4 solution treatment. The material in T4 condition 

was heated up to 165-170 ⁰C, held it in furnace for up to 24 hours and cooled it in air to get age 

hardened AZ91 Mg alloy. Similarly, the six of the optimized T4 solution treated samples were 

heated up to 167 ⁰C and holding them for different durations starting from 4 hours to 24 hours 

at an interval of four hours. The samples were then air cooled and characterized. 

 

3.3 Multipass FSP 

The machined plates were subjected to multipass FSP at a tool rotational speed of 720 

rpm and a traverse speed of 150 mm/min with a tool tilt angle of 3°. During FSP, copper backing 

plate was used to avoid tunneling defect by effective transfer of heat generated due to friction 

between the tool shoulder and the sample. 

 

Table 3.1: Experimental conditions used to obtain microstructural variation in through 

thickness direction to study room temperature mechanical behavior. 

 

 Processing configurations 

HFG (half 

thickness fine 

grained 

microstructure) 

SFG (surface 

modified fine 

grained 

microstructure) 

FFG (full thickness 

fine grained 

microstructure) 

FSPed surface Processed on one 

surface 

Processed on both 

surfaces. 

Processed on one 

surface 

FSP tool pin 

height 

5 mm 4 mm 7 mm 

Material removed 

after FSP  

2 mm from both the 

surfaces 

2 mm from both the 

surfaces. 

1 mm from top and 3 

from bottom surface. 

Final condition of 

6 mm thick plate 

Top 3mm FSPed and 

bottom 3 mm as-cast 

(AC). 

Top and bottom 2 mm 

FSPed. Middle 2 mm 

AC 

Full Thickness, 6 

mm, FSPed 

 

Tools with same shoulder diameter of 28 mm and threaded conical pin of diameter 8 mm at 

shoulder and 4 mm at tip but with different pin lengths were used. The pin lengths were designed 

to control the extent of microstructure variation required in through thickness direction. The 

FSP was performed on 10 mm thick plate because during preliminary experiments it was 

observed that thin plates (below 8mm) cracked while performing multipass FSP, probably due 
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to lower ductility of AZ91 Mg alloy. The experimental details to generate layered microstructure 

to study room temperature and high temperature mechanical behavior are presented in Table 3.1 

and Table 3.2 respectively. Approximately, 70 mm of 100 mm width of the plate was processed, 

which required 30–35 passes with 50% overlap towards the retreating side.  

 

Table 3.2: Experimental conditions used to obtain microstructural variation in through 

thickness direction to study high temperature mechanical behavior (superplasticity). 

 

  Processing configurations 

HFG (half thickness 

fine grained 

microstructure) 

SFG (surface 

modified fine 

grained 

microstructure) 

FFG (full thickness 

fine grained 

microstructure) 

FSPed surface Processed on one 

surface 

Processed on both 

surfaces. 

Processed on one 

surface 

FSP tool pin 

length 

5 mm 4.5 mm 5 mm 

Material removed 

after FSP 

3.5 mm from both the 

surfaces 

3.5 mm from both the 

surfaces 

1 mm from top and 6 

mm from bottom 

surface. 

Final condition 

of 3 mm thick 

plate 

Top 1.5 mm FSPed 

and bottom 1.5 mm 

as-cast (AC). 

Top and bottom 1 

mm FSPed. Middle 1 

mm AC 

Full Thickness, 3 

mm, FSPed 

 

3.4 Mechanical testing 

3.4.1 Room temperature tensile test 

Tensile specimens with gauge dimensions of 25 mm×6mm×6mm were machined 

parallel to the processing direction according to the standard ASTM B557M.  

 

Fig. 3.2: Schematic of multipass FSPed plate with location of tensile sample for 

room temperature tensile test. 
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The cross head speed of 1.5 mm/min was used to conduct tensile test at a strain rate of 1×10−3 

s−1. The tensile sample for room temperature tensile test and its location from FSPed plate is 

shown in the Fig. 3.2. The directions X, Y and Z are process direction, transverse direction and 

thickness direction respectively. 

 

3.4.2 Fracture toughness test 

The fracture toughness tests were performed using the single edge notch bend (SENB) 

specimen or three point bend specimen.  The sample dimensions were; thickness 6 mm, width 

24 mm and span length of 100 mm, with notch parallel to the process direction in FSPed 

samples. The SENB sample and its notch details are shown in Fig. 3.3(a) & (b) respectively. 

The notches were made using CNC wire-cut electro – discharge machining (EDM).  

 

Fig 3.3: (a) SENB specimen for fracture toughness test, and (b) notch details. 

 

Fig. 3.4: SENB specimen geometry generated for XFEM analysis (a) showing 

meshes with 4 node quadrilateral element and (b) showing fatigue pre-crack position and 

boundary conditions. 

To study the fracture toughness of received material in as-cast T4 and T6 conditions, J-

integral test was performed. The SENB samples were fatigue pre-cracked before actual J-
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integral test. The fatigue pre-cracking was executed using increasing ΔK method. The fatigue 

pre-crack was started from the tip of 10 mm notch and up to half of the specimen width, i.e., 

12.5 mm. Step reduction of load was done to keep the maximum ΔK under the predefined value, 

calculated according to the standard ASTM E1820. Then, the J integral test procedure was 

followed to obtain the JⅠC value. 

The experimental J test was simulated using extended finite element method (XFEM) in 

a finite element (FE) software Abaqus. A 2-D model of three point bend specimen was generated 

and four node quadrilateral elements are used to mesh the domain in which 6500 nodes as shown 

in Fig. 3.4(a). A crack of same magnitude obtained during pre-cracking was also considered in 

the meshed domain. The applied boundary conditions were same as in the experimental work. 

The lower edges of specimen at A and B points were constrained in all the directions as well as 

applied displacement boundary condition at point C as shown in the Fig. 3.4(b).  

The fracture resistance behavior of layered microstructured material generated by FSP 

together with AC and fully FSPed material were compared using apparent notch fracture 

toughness (apparent KQ) values. The layered microstructure material have variation in 

microstructure through the thickness, the pre-crack would not be uniform and it would violate 

the standard measurement of crack length. Hence, KⅠC test was performed without precrack in 

the layered microstructured material. The cross head speed was maintained at 1.5 mm/min in 

order to correlate the fracture characteristics with the tensile failure. 

3.4.3: Fatigue test 

High cycle fatigue (HCF) test specimens with continuous radius between ends with 6 

mm thickness, 12 mm width were used. Other dimensions related to specimen design are shown 

in the Fig.3.5. The specimen was designed according to ASTM E466 standard. HCF 

experiments were conducted at stress ratio, R=0 and at a frequency of 20 Hz under constant load 

controlled axial fatigue testing method at different stress amplitudes (σa).  

 

Fig. 3.5: Continuous fillet fatigue sample 
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All the room temperature mechanical tests were performed on Instron 8800 servo 

hydraulic testing system. Serrated hydraulic grips were used for tensile and fatigue test whereas 

three-point bend fixture was used for fracture toughness test. Bluehill, J-Integral, K1C and 

Wavematrix were the software suites used for performing tensile, J-Integral, K1C and fatigue 

test respectively. 

 

3.4.4: High temperature tensile test 

To study the superplasticity of layered microstructure material tensile specimens 

machined parallel to the processing direction as shown in the Fig.3.5. The gauge dimensions of 

specimens were 10 mm×6 mm×3 mm and tested at 350ºC. Tensile test was carried out at three 

different strain rates of 5×10-3 s-1, 1×10-3 s-1and 5×10-4 s-1.  

The final sets of experiments with nine samples were tensile tested at high temperatures 

to understand the nature of superplastic behavior of fully fine grain microstructured material 

generated by FSP. The sample dimensions were similar to that in Fig.3.6 and the tests were 

performed at three strain rates (5×10-3 s-1, 1×10-3 s-1and 5×10-4 s-1) and at three different 

temperatures (150 ⁰C, 250 ⁰C and 350 ⁰C). Constitutive equation was developed using the test 

results and its parameters were analyzed with variation in strain to understand the microstructure 

evolution occurred during high temperature deformation. 

 

Fig. 3.6: Schematic of multipass FSPed plate with location of tensile sample for 

high temperature tensile test. 

 

3.5 Material characterization 

Microstructural characterization was carried out by optical microscope (Leica DMI 

5000). Field emission scanning electron microscope (FESEM – FEI Quant 200F) was used for 

microstructural characterization, energy-dispersive spectroscopy (EDS) as well as for fracture 
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surface characterization. Rigaku Smart Lab X-ray diffractometer was used for phase 

identification in AZ91 alloy before and after FSP. Analysis of diffraction peaks was 

accomplished using X’pert Highscore Plus software. The specimens for optical microscopy and 

scanning electron microscopy (SEM) were prepared by mechanical polishing using SiC papers 

with grit size in the sequence of 320, 800, 1200, 1500 and 2000 and water as lubricant. 

Subsequent polishing was performed using diamond paste of 6 μm, 3 μm and 1 μm and ethanol 

as lubricant. After mechanical polishing, etching was done by immersing the sample in acetic-

picral solution (6 g picric acid, 5 ml acetic acid, 100 ml ethanol, 10 ml water) for 15–20 s.  

For electron backscattered diffraction (EBSD) the sample surface was polished in Buhler 

Ecomet 250 grinder/polisher using chemomet cloth and 0.02 μm particle sized colloidal silica 

using methanol as lubricant. The EBSD analysis was performed in TSL OIM Analysis 7 

software. The texture plots were obtained using harmonic series expansion with triclinic 

symmetry, series rank L=22 and Gaussian half width of 5⁰. The EBSD scans were taken from 

XZ plane before and after deformation in order to compare and understand both the 

microstructure and the microtexture aspects of the deformation process. 
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CHAPTER 4 

MECHANICAL BEHAVIOR OF AS-CAST MATERIAL 

 

In this chapter, mechanical properties of AZ91 Mg alloy in as-cast condition, as well as 

in T4 and T6 treated conditions is presented. The temperatures for T4 and T6 treatment were 

selected from Mg-Al binary alloy phase diagram. Microstructures obtained after different 

holding times were studied to select holding time for T4 and T6 heat treatment.  The as-cast 

(AC), T4 and T6 samples were tested to evaluate tensile and fracture toughness properties. The 

fracture toughness of the samples were studied by J-integral approach and finite element 

analysis was carried out to understand strain localization at the crack tip.  

 

4.1 Results  

4.1.1 Microstructure 

The optical microstructure of the as-cast material is shown in the Fig. 4.1(a) and 

secondary electron image in Fig. 4.1(b). Both the images clearly show dendritic region (A) and 

interdendritic region (B). The microstructure contain dendritic region of 100 μm average size 

and interdendritic region with network of plate like precipitates. The elemental composition of 

regions A and B is presented in the Table.4.1. Fig. 4.1(b) in conjunction with Table 4.1 brings 

out that dendritic region (A) contains 94.8 wt. % Mg and 5.2 wt. % Al whereas, interdendritic 

region (B) contains 63.1 wt. % Mg, 34.4 wt.% Al and 2.5 wt.% Zn. Hence the dendrites are 

composed of α-Mg whereas the interdendrites are β-Mg17Al12 intermetallic precipitates. 

 

 

Fig. 4.1: Microstructure of as-cast AZ91 Mg alloy (a) optical image, (b) secondary 

electron image showing dendritic region (A) and interdendritic region (B). 
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Table 4.1: Elemental distribution in dendrites and interdendrites of as-cast AZ91 Mg alloy 

 Mg (wt. %) Al (wt. %) Zn (wt. %) 

A 94.8 5.2 - 

B 63.1 34.4 2.5 

 

The microstructures of the as-cast sample heated to 416 ⁰C and different holding times 

starting from 16 hours to 48 hours are shown in the Fig.4.2. The microstructures remain more 

or less similar up to the holding time of 36 hours. After holding time of 40 hours the dissolution 

of β-phase started and appear to be completed after 44 hours.  The thick plate of β precipitates 

in the microstructure dissolved to give thin grain boundary network which remained similar 

after holding time of 48 hours. Hence, the T4 solution treatment was given by heating the 

samples to 416 ⁰C in a furnace, hold them for 48 hours and air cooled. 

 

  

Fig. 4.2: Microstructures of T4 solution treated samples obtained after holding 

different time at 416 ⁰C and air cooled. 
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Fig. 4.3: Microstructures of T6 heat treated samples obtained after different 

holding time at 167 ⁰C and air cooled. 

Similarly, for T6 aging treatment the T4 solution treated samples were heated to 167⁰C 

and held for different time durations from 4 hours to 48 hours. The microstructures of the 

samples are shown in the Fig. 4.3. Gradual thickening of the β phase occurred between 4 to 12 

hours of holding time. After 16 hours of holding time, coarse network of β-particles are 

ostensible with some particles in the α-matrix because of re-precipitation due to aging treatment. 

The microstructure remained almost similar between holding time of 16 hours to 48 hours. 

Hence, for T6 heat treatment, the T4 solution treated samples were heated to 167 ⁰C in a furnace 

and held them for 24 hours and air cooled. 
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The microstructures of as-cast, T4 and T6 conditions are shown in the Fig. 4.4(a), (b) 

and (c) respectively. Samples with these microstructural conditions were tested for tensile and 

fracture toughness properties. 

 

Fig. 4.4: Optical microstructures of AZ91 Mg alloys in (a) as-cast and after (b) 

T4, and (c) T6, heat treatment. 

 

4.1.2 Tensile properties 

The tensile properties of AZ91 Mg alloys in as-cast, T4 and T6 conditions were tested 

and the true stress vs true strain curves are presented in Fig.4.5. The as-cast material showed 

lowest tensile properties of 80 MPa and 0.8 % elongation.  Solution treated (T4) sample due to 

solid solution strengthening and absence of brittle network of β-phase showed comparatively 

higher strength and elongation of 132MPa and 4 % respectively. The T6 sample which was 

solution treated and then aged showed similar tensile strength, 130 MPa, as that of T4 sample 

but its elongation reduced to 2 % due to the re-precipitation of the second phase β-particles. The 

effect of as-cast microstructure, solution treatment and aging on the mechanical properties can 

be observed from the fractographs. The fractograph of as-cast material in Fig. 4.6(a) shows clear 

facets in between the brittle fractures of interdendrites. In the fractograph of T4 sample (Fig. 
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4.6(b)) facet morphology is different from that in Fig. 4.6(a). However, quasi-cleavage features 

are more prominent which suggests small amount of plastic deformation before fracture.  

 

Fig. 4.5: True stress versus true strain curve of received material in as-cast, T4 

and T6 conditions. 

 

Fig. 4.6: Fractograph of tensile tested specimen with cleavage facets indicated by 

solid arrows in (a) as-cast, (b) quasi cleavage by long-dashed arrows in T4 condition (c) 

river patterns by short-dashed arrow inT6 condition.  
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The fractograph of T6 sample in Fig. 4.6(c) contain prominent facet morphology and river 

patterns. This is probably due to the re-precipitation of β particles along the boundaries and also 

inside the matrix as visible in the microstructures in Fig. 4.4(c). Zindal et al [221] observed the 

presence of precipitates in the grains and along the grain boundaries after aging in  Mg-8Al-0.5 

Zn alloy. In another work by the same author in same material, presence of both intergranular 

and transgranular fracture was observed when the alloy was aged at lower temperatures 

(≤200°C) [222].  Hence, it is clear that the solution treated samples have good combination of 

strength and ductility due to solid solution strengthening and because of the dissolution of β-

phase and accompanied reduction in fraction of brittle interdendrites respectively. 

 

4.1.3 Fracture toughness 

The SENB specimen presented in Fig.3.3 was subjected to J-integral test after fatigue 

pre-cracking. J-integral represents the method to calculate amount of energy or work required 

to create a unit fracture area. It can also be viewed as a stress intensity factor [223].  

  

 

Fig. 4.7: Load vs. LLD curve of (a) as-cast, (b) T4 & (c) T6 and J vs. Δa curve of 

(d) as-cast, (e) T4 & (f) T6 sample. 
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The critical fracture energy J1C defines the point at which instability or large-scale plastic 

yielding occurs during crack propagation under mode one loading. In order to maintain the path 

independency of J-integral calculation, proportional loading (loading and unloading) were 

maintained as shown in a load versus load line displacement (LLD) plot in Fig. 4.7. The 

maximum load attained by as-cast material was 720 N and LLD of 0.25 mm (Fig. 4.7(a)). The 

T4 sample attained maximum load 1000 N and a LLD of 0.39 mm (Fig. 4.7(b)), while the T6 

specimen attained 810 N and 0.37 mm (Fig. 4.7(c). The LLD was measured using crack opening 

displacement (COD) gauge.  

J-integral (kJ/m2) value was calculated at every load and corresponding crack growth 

(Δa) was measured to construct J vs Δa curve. The crack measurement was performed by using 

compliance technique. The test data were qualified according to ASTM E1820 standard [224] 

and by fitting the data to power law of the form in Eq. 4.1. 

𝐽 = 𝐶1 (
∆𝑎

𝑘
)

𝐶2

       4.1 

where C1 and C2 are constants and k=1 mm. The correlation coefficient of the least 

square fit should be greater than 0.96 and the power coefficient C2 shall be lower than 1. The 

J1C value of as-cast (Fig. 4.7(d)), T4 condition (Fig. 4.7(e)) and T6 conditions (Fig. 4.7(f)) were 

1.7 kJ/m2, 4.2 kJ/m2 and 3.1 kJ/m2 respectively as measured from the intersection point of the 

power law curve with 0.2 mm offset line. Thus, the material in solution treated condition had 

shown higher J1C value among all the three conditions tested.  

Similar to tensile properties, the T4 samples showed good crack resistance behavior. The 

strain distribution ahead of the crack tip was analyzed using extended finite element method 

(XFEM). A four node quadrilateral elements are used to mesh the domain in which 6500 nodes 

are generated. The applied boundary conditions are same as the experimental work. The lower 

edges of specimen are constrained in all direction. The tensile properties of Mg alloys and some 

of the data points of LLD vs load are taken as input for the simulation. The simulated results are 

showed in the Fig. 4.8. The distribution of strain is similar in all the cases but the maximum 

strain at the crack-tip was lowest (1.6%) in as-cast condition (Fig. 4.8(a)) and highest (2.18 %) 

in T4 condition (Fig. 4.8(b)). The T6 condition achieved a maximum strain of 2.12 % at the 

crack as observed from Fig. 4.8(c). The simulated maximum strain values of AC and T6 at the 

crack tip are approximately equal to the fracture strain during the uniaxial tensile test. (Fig. 4.5). 

The simulated maximum strain at the crack tip of T4 alloy is lesser than the fracture strain during 

uniaxial tensile test but almost same as that of T6 condition. It is because the continuum 
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approach of finite element analysis failed to predict the microstructural features like crack 

bridging and quasi-static cleavage phenomenon.  Hence it is clear that the dissolution of β-phase 

after solution treatment increases the materials strength, elongation and fracture toughness of 

the material but the improvements are not significant when compared to Al alloys and steels in 

high performance structural applications. 

 

 

Fig. 4.8: Finite element analysis of strain distribution at the crack tip of (a) as-cast 

(b) T4 and (c) T6, SENB samples. 

 

4.2 Discussion 

The as-received AZ91 Mg alloy was tested for tensile and fracture toughness properties 

in its as-cast, T4 and T6 conditions. The as-cast microstructure have coarse α-Mg and brittle β 

phase. The β particles got partially dissolute after solution treatment (T4) and further precipitates 

on aging at 167⁰C (T6). The effect of as-cast microstructure, solutionizing and aging on the 

tensile properties and fracture toughness were quite clear from the obtained results. However, it 

is interesting to study the toughening mechanism that the crack tip undergoes as the material 

condition changes from as-cast to T4 and then T6 conditions. During,  fatigue crack growth, 

Nicoletto et al. [225] observed crack bridging in AZ91 Mg alloy. Ritchie [226] explained crack 



61 

 

bridging is one of the extrinsic toughening mechanism during fatigue crack growth propagation 

in ductile and brittle solids. 

 

 

Fig. 4.9: Schematic illustration of extrinsic and intrinsic damage/toughening 

mechanism [227]. 

 

 

Fig. 4.10: T4 condition; (a) Crack path after J-integral test, (b) crack-tip, (c) 

fatigue pre-crack propagation through brittle dendrites and crack bridging by 

precipitates and (d) crack origin. 
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Fig. 4.11: T6 condition; (a) Crack path after J-integral test, (b) crack-tip, (c) 

fatigue pre-crack propagation cutting the brittle dendrites and crack bridging by 

precipitates and (d) crack origin. 

 

Crack growth ahead of the crack tip is supported by intrinsic microstructural damage 

mechanisms, and impeded by extrinsic mechanisms acting primarily behind the crack tip which 

resists the effect of far-field driving forces on the crack tip. Intrinsic damage mechanisms in 

metallic materials are due to formation of microcrack, voids, dislocation pile-ups and interface 

decohesion in front of the rack-tip. On the other hand, extrinsic mechanisms are take place at 

the crack wake or behind the crack tip. The crack surfaces form inelastic zones while contacting 

with inclusions or second phase particles via sliding, bridging, wedging or by their 

combinations. The schematic of intrinsic and extrinsic mechanisms are shown in the Fig. 4.9. 

In this work also, indication of crack bridging was observed along the crack surfaces 

behind crack-tip however, intrinsic damage mechanism in front of the crack tip dominate the 

fracture behavior. The crack tip along with fatigue pre-crack of T4 and T6 condition are shown 

in the Fig. 4.10(a) and Fig, 4.11(a) respectively. Regener and Dietze [228] observed that the 

fracture was due to the failure of interface between α-matrix and β-particles and the cleavage of 

β particles which are all intrinsic damage mechanisms. In Fig. 4.10 (b), the crack tip is observed 

to follow a tortuous crack path of the boundary precipitates which leads to intergranular crack 

growth whereas in T6 condition the crack growth was transgranular (Fig. 4.11(b)) while both 

the crack shows indication of crack bridging in fatigue pre-crack regime. Even the cracks are 
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observed to originate from the α/β interface (Fig. 4.10(c) and (Fig. 4.11(c)). Hence, the extrinsic 

toughening mechanism seems common in all conditions but it is the intrinsic damage 

mechanism at the crack front which controls the fracture resistance mechanism in AZ91 Mg 

alloy. As segregation of α/β interface is quiet easier in as-cast condition when compared to T4 

and T6 conditions, the fracture toughness was low in as-cast alloy. 

 

4.3 Conclusions 

The mechanical behavior of received AZ91 Mg alloy in as-cast, T4 and T6 conditions 

were studied by uniaxial tensile test and mode 1 fracture toughness test. The following 

conclusions were obtained 

 The microstructure of as-cast material have brittle β phase , which got dissolute in α-Mg 

after T4 solution treatment and re precipitates during aging (T6). 

 The alloy under solution treated condition (T4) exhibited better tensile strength and 

fracture toughness due to the dissolution of brittle β particles when compared to the as-

cast material. 

 Extrinsic toughening mechanism, crack bridging, was observed at the crack wake but it 

is the intrinsic damage mechanism, i.e., segregation of α/β interface at the crack tip, 

which defines the crack resistance behavior. 
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CHAPTER 5 

EFFECT OF TOOL PIN LENGTH ON FSPED 

MICROSTRUCTURE 

 

Multipass FSP was performed using tools with different pin lengths. Its effect on 

microstructure and mechanical properties are presented in this chapter. Three tools with pin 

lengths of 4 mm (PL4), 5 mm (PL5) and 7 mm (PL7) were used to process the AZ91 Mg plate, 

while other dimensions of the tool remained same. The microstructure exhibited inhomogeneity, 

inherent to the process, however its effect on mechanical properties and texture were found to 

be inconsequential. Further, the microstructural changes, namely, grain size, second phase 

particles distribution, texture and grain boundary misorientation distribution after FSP are 

presented in this Chapter. 

 

5.1. Results  

5.1.1 Material flow under the tool 

The cast AZ91 Mg plates, 10 mm thick and 110 mm long, were subjected to multipass 

FSP with 50 % overlap along the retreating side using three different tools. The schematic of 

the macrostructural patterns on the transverse direction and along the process direction after 

FSP shown in the Fig. 5.1. 

 

 

Fig. 5.1: Schematic of multipass FSPed plate showing processed region along the 

transverse direction (Y-direction) and along the process direction (X-direction). 
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The difference in the macrostructural features obtained using the tools PL4, PL5 and PL7 are 

discussed with reference to the microstructures obtained from XZ plane. 

 

 

Fig. 5.2: Stitched optical images showing inhomogeneity in the microstructure in 

XZ plane of FSPed region processed by using; (a) PL4, (b) PL5 and (c) PL7. 

 

The stitched optical microstructures of FSPed plates in XZ plane processed by all the 

three tools are shown in the Fig. 5.2. The length of the processed region tally with the pin length 

used however, processed region can be divided in different zones on the basis of flow patterns 

observed in the macrostructure after FSP. Based on macrostructural features obtained after 

processing by PL4 (Fig. 5.2(a)), the processed region can be divided in to two zones, namely, 

ZONE Ⅰ and ZONE Ⅱ.  On the other hand, processed region after FSP by PL5 (Fig. 5.2(b)) and 

PL7 (Fig.5.2(c)) was divided into three zones i.e. ZONE Ⅰ, ZONE Ⅱ and ZONE Ⅲ. In ZONE Ⅰ 

the flow lines are almost parallel to the surface. It appears that macrostructure of ZONE1 was 

primarily affected by the rotating shoulder. In ZONE Ⅱ material flow is expected to be vigorous 

[229] due to combined effect of pin and shoulder which resulted in fine microstructure without 

any macro features. The downward flow from the shoulder was closely balanced by the upward 

flow in this region. In ZONE Ⅲ the material flow was affected only by the pin and, since 
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temperature is expected to be lower away from the shoulder [230], the macrograph contain 

semicircular ring patterns in this region. 

 

5.1.2 Microstructure 

The microstructures before and after FSP were compared in Fig. 5.3. As-cast 

microstructure, shown in Fig. 5.3(a), contain dendrites of 100 μm average size and interdendrites 

with average thickness of 20 μm. The secondary electron image of as-cast microstructure is 

shown as insert in Fig. 5.3(a). EDS analysis presented in Table 5.1 in conjunction with Fig. 

5.3(a) brings out that dendrites (A) had elemental composition of 5.1 wt.% Al whereas, 

interdendrites (B) had 34.4 wt. % Al and 2.4 wt. % Zn. This confirms that α – Mg matrix is 

deficient in Al and, interdendrites consist of β precipitates (Mg17Al12). 

 

 

Fig. 5.3: Four distinct microstructure regions observed from macrostructures along the 

transverse plane a) as cast microstructure, b) FSPed fine grained microstructure; c) 

microstructure of transition region; d) transition region in higher magnification; e) 

inhomogeneous microstructured region and f) magnified microstructural 

inhomogeneities. 

 

FSPed region with fine grain microstructure and broken, homogeneously distributed 

precipitates are seen in Fig. 5.3(b). In the inset of Fig. 5.3(b), the SEM image of the FSPed 

region exhibit two features (C and D) which were identified as matrix and precipitates. The 

matrix (C) contain 10.28 wt.% Al whereas precipitate (D) contain 22.59 wt. % Al. It is clear 

that partial precipitate dissolution occurred during FSP. The transition region in Fig. 5.3(c) and 
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its magnified image in Fig. 5.3(d) exhibit elongated grains. Fig. 5.3(e) and its magnified image 

in Fig. 5.3(f) exhibit non-uniformity in grain size in the form of periodic ring patterns which 

was observed after FSP using longer pin length. It is clear that FSP has resulted in breaking of 

dendritic structure accompanied by refinement and uniform distribution of precipitates 

accompanied by partial precipitate dissolution. The XRD pattern in Fig.5.4 supports EDS data, 

ensuring the existence of α-Mg and β-Mg17Al12 phases in both as-cast and FSPed AZ91 samples. 

Intensity attenuation and disappearance of certain diffraction peaks of β-phase confirms 

dissolution of β - phase and enrichment of magnesium matrix after FSP. 

 

Table 5.1: Elemental distribution obtained using EDS, at different regions marked in 

Fig. 5.3. 

Region 

Mg Al Zn 

Wt. % at. % Wt. % at. % Wt. % at. % 

A 94.8 95.3 5.1 4.6 - - 

B 63.1 66.4 34.4 32.6 2.4 0.9 

C 89.7 90.6 10.2 9.3 - - 

D 77.5 79.2 22.5 20.7 - - 

 

 

Fig. 5.4: Phase identification in as-cast and FSPed material by XRD peaks. 

Disappearance of certain peaks indiciate dissolution of second phase in to the matrix. 
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5.1.3 Microtexture  

The grain structure after FSP was not apparent in optical and secondary electron images 

but it is quite clear in the inverse pole figure (IPF) map (Fig. 5.5(a)) acquired from EBSD scan. 

In order to obtain a statistically valid EBSD data, a large area scan was performed to find average 

grain size, texture and misorientation distribution. The IPF map shown in the Fig. 5.5(a) was 

obtained from the XZ plane but the textures were rotated towards normal direction (Z-direction) 

so that it can be compared with the macrotextures and textures obtained after deformation 

(presented in Chapter 7 of the thesis). The average grain size is 0.8 µm and the grains are having 

predominantly basal orientation. The (0001) and (101̅0) pole figures are shown in Fig. 5.5(b). 

The basal plane normal is tilted towards process direction in the normal plane. Similar basal 

texture alignment in the process direction was observed in AZ31 [231] and AZ91 magnesium 

alloys [174]. Besides basal texture the microstructure contain 20% of misorientation angle 

around 30° as shown in the Fig. 5.5(c) which is in agreement with the work by Feng and Ma 

[232] on as-cast AZ80 Mg alloy after FSP. The higher fraction of 30° misorientation between 

grains with basal orientation is due to higher geometrical probability in hexad symmetry for this 

misorientation [233].  

 

 

Fig.5.5: EBSD analysis of FSPed region of sample processed by tool3; (a) Inverse 

pole figure map, (b)  (𝟎𝟎𝟎𝟏) and (𝟏𝟎�̅�𝟎) pole figures and (c) grain boundary 

misorientation distribution. 
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5.1.4 Phase distribution 

The macrostructures provided obvious differences in the structure after FSP using three 

tools with different pin lengths. To understand the processed microstructures further, SEM 

images of FSPed regions obtained after processing by the three tools are shown in the Fig. 5.6. 

The microstructures exhibit similar distribution of phases in all the three samples, i.e., samples 

processed by PL4 (Fig. 5.6(a)), PL5 (Fig. 5.6(b)) and PL7 (Fig. 5.6(c)). There was no significant 

deviation in the elemental distribution between phases after FSP by the three tools.  

Approximately, the elemental distribution in α-phase (Mg~90 wt. % and Al~10 wt. %) and in 

β-phase (Mg~80 %, Al~20 %) are quite similar in all the cases.   

 

 

Fig. 5.6: SEM image of the samples FSPed by the tools; (a) PL4, (b) PL5 and (c) 

PL7. 

 

In order to understand the change in nature of precipitates formed after FSP using 

different pin lengths, phase analysis by XRD was carried out and presented in Fig. 5.7. The α-

peaks and β-peaks are at same position in all the samples FSPed by using the three tools PL4, 

PL5 and PL7, indicates the similarity in the phases obtained. 

 



73 

 

 

Fig. 5.7: Phase analysis by XRD peaks obtained in FSPed regions of samples 

processed by the tools PL4, PL5 and PL7. 

 

5.1.5 Tensile properties 

Apart from microstructure it is necessary to study influence of tool pin length, which is 

a main process variable in this work, on the mechanical properties. The tensile test results are 

shown in Fig. 5.8. Tensile strength and elongation of material processed by tool PL4 is 290 MPa 

and 5.4 % respectively. In the material processed by tool PL5, the tensile strength increased to 

320 MPa whereas the elongation remains approximately same at 5.5 %. Further, the strength 

increased to 340 MPa in the material processed by tool PL7 but the elongation reduced to 5 %. 

Although, strength found to increase with increase in thickness of the FSPed material, the 

variation is only 15% for increase in thickness by 100%. The ductility in all the cases was 

approximately 5 %. Hence, it is clear that properties of fine grained material are more or less 

same irrespective of pin length used to get grain refinement.  
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Fig. 5.8: True stress vs. True strain curve of FSPed region samples obtained from 

tools with different pin lengths. 

Previous studies on FSP of Al alloys also did not show any significant deviation in the 

mechanical properties due to the microstructural variation that exist after FSP in thickness 

direction as well as in the multipass direction i.e. between two passes [234–237].   

 

5.2 Discussion 

5.2.1 Semi-circular ring patterns 

Semicircular ring patterns observed in the Fig. 5.2(b) & (c) have equal spacing between 

two successive rings. The spacing between two successive rings was found to be approximately 

200 μm. Interestingly the distance between two rings was approximately equal to the pitch 

(traverse speed/rotational speed=208 μm) of the FSP process. It is also worth noting that the 

tool pin length was more than 5mm in case of PL5 and PL7 whereas, in tool PL4 it was less than 

5 mm. Hence, the FSPed region obtained by PL4 has effect of only shoulder and the combined 

effect shoulder and pin but it doesn’t contains the region due to the effect of only pin. In tool2 

and tool3 the circular ring patterns observed were due to the effect of only pin. Moreover, 

Swaminathan et al. [238] studied peak temperature during FSP of NiAl bronze alloy and 

reported that temperature at depths below 4mm from the shoulder will be 50–100 °C lower than 

that at the surface. Therefore, it appears that the non-uniform microstructure is due to improper 

mixing of the material during FSP well below the shoulder. Ma et al. [151] observed similar β-

phase particles rich bands during FSP of cast AZ91 and AZ80 magnesium alloys which was 
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attributed to the lower strain rate/strain and temperature conditions which in turn depends on 

tool rotational and traverse speeds. 

 

5.2.2 FSPed microstructure 

The multipass FSPed AZ91 alloy is characterized by very fine matrix grains (∼0.8 μm) 

and β-particles distributed uniformly in the microstructure with some non-uniformity in the 

microstructure. In the location where uniform microstructure was observed, the eutectic β-

Mg17Al12 network in the as-cast AZ91 alloy disappeared after multipass FSP due to mechanical 

shearing and dissolution by frictional heat. Based on the Mg–Al phase diagram and the 

differential scanning calorimetry (DSC) analysis by Feng and Ma [152], the heating temperature 

of 437°C causes the dissolution of the eutectic β-Mg17Al12 phase into the magnesium matrix in 

AZ91 alloy. The EDS analysis indicated that FSPed region had 10.28 wt. % Al, i.e. 

approximately equal to the aluminum concentration in AZ91alloy. This value is much higher 

than that (5.16 wt. % Al) in the as cast alloy, indicating significant dissolution of the eutectic β-

Mg17Al12 phase into magnesium matrix during FSP. Celotto and Bastow [30] had reported that 

the maximum solid solubility of aluminum in magnesium was as high as 12.9 wt. % at the 

eutectic temperature and about 1.5 wt. % at room temperature. It implies that matrix grains of 

FSPed AZ91 alloy were in supersaturated solid solution condition. The XRD pattern in Fig. 5.4 

supports EDS data, ensuring the existence of α-Mg and β-Mg17Al12 phases in both as-cast and 

FSPed AZ91 samples. Intensity attenuation and disappearance of certain diffraction peaks of β-

phase confirms dissolution of β-phase and enrichment of magnesium matrix after FSP. Hence, 

it is clear that FSP has resulted in breaking of dendritic microstructure accompanied by 

refinement and uniform distribution of alloying elements. 

 

5.2.3 Deformation mechanism and texture  

EBSD analysis of multipass FSPed sample was carried out to understand the nature of 

deformation mechanism that cause the resultant microstructure and texture produced after 

friction stir processing. The EBSD map was obtained from plane perpendicular to transverse 

direction (XZ plane) of the material processed by tool PL5. Fig. 5.9(a) shows grain size map. It 

shows that grain size varies from less than 1 μm to 5 μm with most of the grains showing lower 

than 1 μm size. Fig. 5.9(b) shows grain orientation spread (GOS) map. GOS value indicates 

amount of substructure in the microstructure. High GOS value represents sub-grains and high 
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dislocation density. On the other hand GOS < 1 indicates recrystallized grains. The fine grain 

size together with GOS value lesser than one indicates occurrence of dynamic recrystallization 

during the process. Thus, dynamic recrystallization (DRX) was the deformation mechanism that 

generated fine grained microstructure during FSP. 

 

 

Fig. 5.9: (a) Grain size map, (b) GOS map, (c) IPF map obtained at processed 

region from transverse plane sample processed by PL5. 

 

The IPF map in Fig. 5.9(c) depicts non-basal slip in the transverse plane (XZ plane) 

which implies the normal plane contain basal texture which is ensured by the dominant basal 

poles in Fig. 5.7(c). The critical resolved shear stress (CRSS) for non-basal slip systems is 

predicted to be approximately 5 times higher than basal slip systems [239]. Therefore, in process 

direction basal slip dominates the deformation, whereas in the transverse direction, non-basal 

slip dominates the deformation. Jain et al. [173] in their work reported yield anisotropy with 

better mechanical properties in transverse direction when compared to process direction in 

FSPed AZ91 alloy due to such strong basal texture in process direction. Hence, in further part 

of the work, all the mechanical tests were carried out in the process direction as a safe design 

criterion. 
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5.3. Conclusions 

To generate layered microstructure (subsequent chapters) in AZ91 Mg alloy, it was 

necessary to use tools with different pin lengths. Hence, the effect of tool pin length on the 

FSPed microstructure and its influence on mechanical properties were analyzed and following 

conclusions were obtained, 

 An apparent difference and necessary condition of change in depth of the processed 

region was achieved. 

 Semi-circular ring patterns was observed in the tools with pin length 5 mm (PL5) and 7 

mm (PL7) due to only pin effect which was nullified in the FSPed region obtained using 

the tool with pin length 4 mm (PL4). 

 Though there were differences in the macrostructure of the processed regions using three 

tools, the difference in microstructural aspects, i.e., phase distribution, microstructure, 

microtexture and its influence on mechanical properties are inconsequential.  

 The microstructure of the processed region contained grains with average size of 0.8 μm 

and predominant basal texture slightly tilted towards process direction in the normal 

plane (XY plane). 
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CHAPTER 6 

LAYERED MICROSTRUCTURE AND ROOM 

TEMPERATURE PROPERTIES 

  

After studying the effect of tool pin length on the microstructure and mechanical 

properties of multipass friction stir processed AZ91 Mg alloy, layered microstructures were 

generated. The microstructure consists of layer of processed (fine grained) and unprocessed (as-

cast) region. Three such layered microstructure were generated, first being half thickness 

processed and remaining half of the thickness is unprocessed (HFG), second one was processed 

one third from both the surfaces and the middle one third is unprocessed (SFG) and the final 

one consists of full thickness processed region (FFG). The room temperature mechanical 

behavior of these layered microstructured materials were studied by testing them under uniaxial 

tensile loading, monotonic loading in presence of a notch and cyclic loading. 

 

6.1. Results 

6.1.1 Microstructure 

Macrostructure of all the four configurations i.e. AC, HFG, SFG and FFG are shown in 

a three dimensional montage in Fig.6.1. The AC material shows homogeneous, coarse grained, 

as cast microstructure throughout the thickness, as shown in Fig. 6.1(a). Material processed to 

half the thickness (HFG) contain 3 mm as-cast, coarse grained microstructure from one surface 

and 3 mm FSPed microstructure from the other surface, as shown in Fig. 6.1(b). Material 

processed from both the surfaces (SFG) as shown in Fig. 6.1(c) contain 2 mm of processed 

microstructure from both the surfaces and the middle 2 mm has as-cast, coarse grained 

microstructure. Fig. 6.1(d) shows full thickness processed material (FFG) having processed 

microstructure throughout the 6 mm thickness. Macrostructures in Fig. 6.1(b) and Fig. 6.1(d) 

exhibit non-uniform microstructure having semi-circular rings. This particular feature is visible 

for the processing conditions in which tool with longer pin was used.    
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Fig. 6.1: Macrostructure of (a) AC, (b) HFG, (c) SFG and (d) FFG samples. As-cast 

microstructure regions, fine grained regions (FG), transition regions and semi-circular 

ring patterns are mentioned. Arrows x, y and z represent process direction, transverse 

direction and thickness direction respectively. 

 

6.1.2. Tensile properties 

The true stress versus true strain curves of specimens with different microstructural 

regions are presented in Fig. 6.2. The as-cast (AC) microstructure exhibited low strength and 

elongation whereas, FFG sample showed highest strength and elongation.  

 

 

Fig. 6.2: True stress versus True strain curve of samples with different microstructural 

configurations. 
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On comparing FFG sample with AC, the yield strength (YS) increases from 92.MPa to 

242.MPa, ultimate tensile strength (UTS) from 100 MPa to 328 MPa and ductility from 0.8 % 

to 4.7%.  The YS, UTS and ductility of HFG were 158 MPa, 175 MPa and 1.3 % respectively. 

Although, surface modified microstructure (SFG) showed yield strength (203 MPa) and tensile 

strength (230 MPa) comparable to FFG, improvement in elongation was insignificant as work 

hardening region was observed only in the FFG specimen. The HFG and SFG were showing 

intermediate properties between AC and FFG samples. Gradual improvement in the yield and 

tensile strength was observed with the increase in the amount of the processed material, in the 

following order; AC, HFG, SFG and FFG. 

 

 

Fig. 6.3: Fractographs of uniaxial tensile tested samples with the fracture surfaces in 

process plane; (a) AC, (b) HFG, (c) SFG,  (d) FFG (e) transcrystalline fracture in as cast 

region and (f) intergranular fracture in FSPed regions. 
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Fig. 6.3 shows the fractographs of tensile samples with fracture surfaces perpendicular 

to processing direction (and tensile direction). Typical features of transcrystalline, brittle, 

cleavage fracture were observed in the as-cast (AC) sample (Fig. 6.3(a)). The fracture surface 

in HFG sample exhibited two distinct regions in two halves as shown in the Fig. 6.3(b). One 

half was as-cast region characterized by cleavage surface and another half was processed region 

characterized by intergranular fracture. Fracture surface contain flow lines very similar to the 

one observed in the microstructure after FSP. Similarly SFG also had two distinct regions in 

three parts as shown in Fig. 6.3(c). Material up to 2 mm depth from the surface has intergranular 

fracture and the middle region it has characteristic transcrystalline cleavage fracture of cast 

structure. The FFG sample has intergranular fracture morphology as shown in the Fig. 6.3(d). 

Thus, the fractured surfaces clearly differentiate the processed and unprocessed region with 

intergranular fracture and transgranular fracture respectively. The magnified images of 

transgranular fracture and intergranular fracture were shown in the Fig. 6.3(e) and Fig. 6.3(f) 

respectively.  

 

 

Fig. 6.4: Optical images of tensile sub-surfaces of (a) AC, (b) HFG, (c) SFG and (d) FFG 

along the transverse plane which is parallel to the loading axis and FE-SEM images of 

fracture profile of (e) as-cast region, (f) FSPed region without inhomogeneities and (g) 

FSPed region with inhomogeneities. 
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To bring out the effect of microstructural variation on fracture behavior, fracture profile 

in through thickness were obtained using optical microscopy, as shown in Fig. 6.4. The analysis 

was carried out to understand crack propagation path. AC sample in Fig. 6.4(a) shows zigzag 

fracture path whereas, the processed region of HFG in Fig. 6.4(b) and SFG in (Fig. 6.4(c)) has 

smooth and curved profile. Fig. 6.4(d) shows irregular fracture profile of FFG material. The 

zigzag fracture profile of AC material is due to crack propagated along interdendritic particle, 

as shown in scanning electron image in Fig. 6.4(e). The high magnification SEM image of HFG 

and SFG in Fig. 6.4(f) reveal that the smooth fracture profile was due to microstructural 

refinement. However, irregular fracture profile observed in FFG is due to non-uniform 

microstructure at semi-circular ring patterns as shown in Fig. 6.4(g). 

6.1.3 Apparent notch fracture toughness 

The apparent notch fracture toughness values (notch KQ) of single edge notched bend 

(SENB) specimens, without pre crack, were also observed to follow a trend similar to the tensile 

test.  

 

 

Fig.6.5: Notch fracture toughness test results of samples with different microstructural 

configurations (a) load vs. crack opening displacement (COD) curve and (b) comparison 

of apparent notch fracture toughness. 
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The plot of load against crack opening displacement (COD) is shown in Fig. 6.5(a). The 

AC sample did not show any sharp peak at maximum, whereas pop-in had occurred in the SFG 

sample. The HFG and FFG samples too exhibited sharp maximum load. Fig. 6.5(b) shows notch 

KQ values of different samples which indicate improvement in fracture toughness from AC to 

FFG sample. The AC specimen showed lowest KQ value of 6.2 MPa√m and FFG had highest 

KQ value of 12.3 MPa√m with HFG and SFG showing KQ values of 10.9 MPa√m and 12.1 

MPa√m respectively. The values mentioned are apparent notch fracture toughness (KQ). These 

values may not indicate the actual material property but are consistent enough to compare the 

fracture toughness with different processing conditions. 

 

 

Fig. 6.6: Fractograph of SENB samples; (a) AC, (b) HFG, (c) SFG and (d) FFG with 

their crack origins marked inside the box and respective magnified images in (e)–(h). 

 

The fractograph of fracture toughness tested samples are shown in Fig. 6.6. Similar to 

the fractograph of tensile samples, the fracture toughness samples too have clear distinction 

between processed and unprocessed regions. In as-cast (AC) sample there is a void formation 

at the center of the notch, marked as box in Fig. 6.6(a) which is identified as crack initiation 

site. Similarly in SFG sample, void formation was observed at the notch in as-cast region (Fig. 

6.6(c)) though the void formation in SFG is not as prominent as in AC sample. Secondary cracks 

were observed on both processed and unprocessed region around the notch of HFG. The spot 

with secondary crack on processed region was considered as crack initiation site (Fig. 6.6(b)) 
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as there is no indication of void formation in the as-cast region. The fractograph of FFG with 

the crack initiation site was shown in Fig. 6.6(d). The magnified images of crack initiation sites 

of AC, HFG, SFG and FFG are shown in Fig. 6.6(e)–(h) respectively.  

 

6.1.4 Fatigue 

To study the fatigue behavior of all four various microstructural compositions, high 

cycle fatigue experiments were performed at selected stress amplitudes based on the tensile 

strength of the specific microstructural composition instead of performing complete S-N curve. 

The UTS of as cast and HFG are 100 MPa and 175 MPa respectively. The stress amplitudes of 

40 to 60 MPa were selected so that maximum load that can reach will be within the UTS. In 

similar manner stress amplitudes of 50 to 90 MPa were selected for both SFG and FFG 

materials. The results are shown in the Table 6.1. Fatigue life has been improved from as cast 

to FFG. However, very marginal improvement in the FFG material was observed in comparison 

to SFG samples at high stress amplitudes.  

 

Table 6.1: Fatigue test results of samples with different microstructural composition 

showing No. of cycles to failure at different stress amplitudes. 

 No. of Cycles to failure 

40 

MPa 

45 

MPa 

50 

MPa 

60 

MPa 

70 

MPa 

80 

MPa 

90 

MPa 

AC 175173 36650 19960 

Failed 

in 

tension 

   

HFG 656594 400072 37709 8756 

Failed 

in 

tension 

  

SFG   

Run 

out at 

106 

cycles 

564323 256253 109841 22017 

FFG    

Run 

out at 

106 

cycles 

325784 127265 38826 
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Fig. 6.7: Fractograph of fatigue tested samples at specific stress amplitudes (a) AC at 40 

MPa, (b) AC at 45 MPa, (c) HFG at 40 MPa, and (d) HFG at 45 MPa with (e), (f), (g) and 

(h) are respective magnified fatigue crack growth regions marked in boxes, similarly (i) 

SFG at 70 MPA (j) SFG at 80 MPa, (k) FFG at 70 MPa and (l) FFG at 80 MPa while (m), 

(n), (o) and (p) are respective magnified fatigue growth regions. Dotted arrows indicate 

inhmogeneities and solid arrows indicate crack growth direction. 

 

The fractograph of fatigue tested sample are shown in the Fig.6.7. The topology of 

fatigue crack sites was observed from the complete fractured surfaces. The as-cast, AC, samples 

has shown the stress concentrating corners as the fatigue crack initiation zone at both 40 MPa 

and 45 MPa stress amplitudes in Fig. 6.7(a) and Fig. 6.7(b)) respectively.  In HFG the fatigue 

crack growth were observed on the as cast region at 40 MPa (Fig. 6.7(c)) and in processed region 

at 45 MPa (Fig. 6.7(d)). The magnified images of fatigue crack regions are presented exactly 

below the corresponding full thickness fractographs. In AC sample the fatigue crack growth 

regions have wider facets (Fig. 6.7(e) and Fig. 6.7(f)) when compared to the facet observed in 

as cast region of HFG at 40 MPa in Fig. 6.7(g). The fractograph of fatigue failures of SFG at 
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stress amplitude 80 MPa and 90 MPa are shown in the Fig. 6.7(i) and Fig. 6.7(j) respectively 

and that of FFG are shown in Fig. 6.7(k) and Fig. 6.7(l) in the same manner. The corresponding 

magnified striated fatigue regions are presented exactly below the full thickness fractographs. 

Fig. 6.7(h) and Fig. 6.7(m) exemplify the fatigue growths in the fine grained region of HFG at 

stress amplitude 45 MPa and SFG at stress amplitude 80 MPa respectively.  The facets in as cast 

region of SFG (Fig. 6.7(n)) tested at stress amplitude 90 MPa are smaller than that of HFG (Fig. 

6.7(g)). The fatigued regions of FFG at stress amplitudes 80 MPa (Fig. 6.7(o)) and 90 MPa (Fig. 

6.7(p)) are quite different from the other samples which are very fine. The directions of fatigue 

crack propagations are represented by solid arrow marks which are almost approximately 45 

degrees to the loading axis and the broken arrow marks indicate the inhomogeneities.  

 

6.2 Discussion  

6.2.1 Rule of mixture 

In the present work, different microstructural configuration and proportions namely, AC, 

HFG, SFG and FFG were tried to identify optimum condition for better mechanical properties. 

FFG with the yield and tensile strength of 242 MPa and 327 MPa respectively and with 2.1% 

elongation had shown superior tensile properties. Improvement of 162% in yield strength and 

226% in tensile strength was observed over as cast material. On the other hand, HFG and SFG 

had shown 71% and 120% improvement in yield strength and, 74% and 129% improvement in 

tensile strength, respectively. The results represent that the tensile properties of HFG and SFG 

were in between the AC and FFG samples. Hence, we can say that the properties were only 

dependent on proportion of processed microstructure and not on the microstructural 

configuration. Therefore, the rule of mixture can be applied to predict properties, as shown in 

Fig. 6.8. In general, any property following rule of mixture should fall between lower bound 

and upper bound values whose expressions for ultimate tensile strength (UTS) is given in the 

following equation. 

 

(
𝑓

𝜎𝑈𝑇𝑆,𝑓
+  

1−𝑓

𝜎𝑈𝑇𝑆,𝑚
)

−1

≤  𝜎𝑈𝑇𝑆,𝑐  ≤   (𝑓𝜎𝑈𝑇𝑆,𝑓 +  (1 − 𝑓)𝜎𝑈𝑇𝑆,𝑚) 6.1 

  

In the above equation f is the fraction of processed region.𝜎𝑈𝑇𝑆,𝑓, 𝜎𝑈𝑇𝑆,𝑚 and 𝜎𝑈𝑇𝑆,𝑐 are 

the UTS of fully processed microstructure, as-cast microstructure and composite microstructure 
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respectively.  Yield strength (YS) of composite microstructures were also calculated in similar 

fashion by using YS of as cast and processed microstructure in place of corresponding UTS 

values. However, there is a deviation in yield strength from rule of mixture at SFG, as its value 

was more than the upper bound, as shown in Fig. 6.8(a). Unlike yield strength the tensile 

strengths of AC (0% fine grained region), HFG (50% fine grained region), SFG (67% fine 

grained region) and FFG (100% fine grained region) in Fig. 6.8(b) are well within the bounds. 

The deviation from rule of mixture in yield strength can be attributed to ambiguity in 

measurement by using 0.2 % strain offset.  On the other hand, maximum load at failure can be 

found without any ambiguity, hence tensile strength is found to follow rule of mixture within 

the bounds.  

 

 

Fig. 6.8: Comparison of experimental result with the rule of mixture for (a) yield 

strength and (b) tensile strength. At 0%, 50%, 67% and 100% of FSPed region are 

indicated as AC, HFG, SFG and FFG samples respectively. 

 

6.2.2 Strengthening mechanisms 

The grain size contribution to the yield strength is evaluated using the familiar Hall–

Petch relation (Eq. 2.1). The constant k depends on the type of material, microstructure and 

process. For the cast AZ91 alloy, σ0 and k were taken as 11 MPa and 370 MPa √μm respectively 

[85]  and for fully FSPed AZ91 alloy, these values were 10 MPa and 160 MPa √μm respectively 

[129].  The equation estimates that increase in strength due to grain size effect from 48 MPa in 

as-cast condition to 190 MPa after FSP.  

The solid solution strengthening contribution was evaluated using the Eq. 2.2, where the 

atomic fraction of solute (Al), X is 4.7 % and 9.4 % before and after processing respectively 

and, C = 197 (MPa X - 2/3).  Due to processing, the strengthening contribution from solid solution 
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improved from 26 MPa to 43 MPa.  Both grain size and solid solution strengthening made sure 

that processed region possess superior tensile properties when compared to the as-cast region. 

Hence in accordance with rule of mixture the strength of the material increases with increasing 

proportion of processed fine grain microstructure.  

 

6.2.3 Fracture morphology and elongation 

Like yield strength and tensile strength, elongation was also maximum for FFG. The 

percentage elongation of as-cast microstructure was 0.8 % whereas it was 4.7 % for FFG. The 

HFG and SFG had shown elongation of 1.2 % and 2.0 % respectively. From the stress-strain 

curve in Fig. 6.2 it can be observed that except FFG all other conditions did not show uniform 

plastic deformation. Stress-strain curve of FFG however showed considerable uniform plastic 

deformation but without significant strain hardening. Afrin et al [240,241] also observed strain 

hardening after FSW in AZ31 magnesium alloy. Fig. 6.6 clearly shows that crack initiated either 

in as-cast microstructure (AC, SFG) or in non-uniform microstructure which contain bands of 

processed and as-cast microstructures (HFG, FFG).  Comparison of Figs. 6.3 and 6.4 on the 

other hand brings out the crack propagation path. In as-cast microstructure, crack path is through 

precipitate/matrix interface which accounts for the transgranular fracture surface. In processed 

material, the crack propagation is through grain boundary precipitate/matrix interface and grain 

boundaries, which gave it typical intergranular fracture surface. One of the method to improve 

ductility of any material is through strain hardening. In as-cast material, ductility was poor due 

to solute segregation in the interdendritic region. These regions were brittle in nature and acted 

as preferential sites for crack nucleation and propagation through interconnected network of 

interdendritic region (see Fig. 5.3(a) in Chapter 5). Since crack nucleation and propagation 

occurred at an early stage of deformation, the as-cast material did not get an opportunity for 

strain hardening. On the other hand, in the processed material the solute content was 

redistributed and interdendritic region was broken and uniformly distributed (see Fig. 5.3(b) in 

Chapter 5). Since the β phase was not continuous, grains underwent deformation before 

separation at the α/β interface. Both these microstructural changes allow material to exhibit 

significant strain hardening. It is evident in the stress-strain curves of the as-cast and processed 

materials. The fracture morphology also shows significant difference between the two materials. 

The as-cast material exhibited transgranular morphology wherein failure is primarily through 
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cleavage of the β phase. The processed material on the other hand exhibited intergranular 

morphology. 

 

6.2.4 Fracture toughness behavior 

The values of the apparent notch fracture toughness of as-cast, HFG, SFG and FFG 

materials are 6.2 MPa√m, 10.9 MPa√m, 12.1 MPa√m and 12.3 MPa√m respectively. It follows 

the same trend as tensile strength that AC possess lowest notch KQ value and FFG possess 

highest, whereas HFG and SFG have notch KQ values between that of AC and FFG materials. 

Thus, the fracture toughness of the material was enhanced completely at full thickness grain 

refinement. The fracture toughness of the material depends on tensile properties which in turn 

depend on the grain size, according to Hall-Petch effect [242,243] . The effect of solid solution 

on Mg-Zn binary alloy were studied by Somekawa et al., [244] and reported that fracture 

toughness increases with the increase in solute concentration. Precipitate shape effect on the 

fracture toughness of ZK60 alloy was studied by Somekawa et al., [245] and they reported that 

the change in shape of precipitates from rod to spherical increases the fracture toughness of that 

alloy. In the present work also, after FSP, there is significant grain refinement from 100 μm to 

2 μm and solute concentration increases from 5.1 wt% Al to 10.2 wt% Al. The uniform 

distribution of broken secondary phase particles as shown in Fig. 3(b) is responsible for 

enhancement in fracture toughness of the material. 

Load vs. COD plot of as-cast material in Fig. 6.5(a), showed gradual drop in load after 

reaching its maximum. This behavior coupled with void formation and cleavage fracture 

observed in the fractograph (Fig. 6.6(a)) is the characteristics fracture behavior of AC material. 

Sharp peak load was attained in HFG and FFG with crack initiation observed at the bands of 

inhomogeneous microstructure as apparent from the fractograph in Fig. 6.6(b) and Fig. 6.6(d) 

respectively. SFG had a pop-in phenomenon observed from Fig. 6.5(a). Crack initiation in as-

cast microstructure region of SFG can be observed from its fractograph (Fig. 6.6(c)). It was 

reported by Willoughby [246] that pop-in could occur in a heterogeneous material such as a 

weldment due to cleavage crack initiation in brittle region which could be arrested by the 

tougher matrix. In SFG, cleavage initiated from as-cast, brittle, microstructure region was 

arrested by tougher FSPed region, albeit not enough to increase its toughness further as the 

maximum load after pop-in was lower than the initial peak load. Thus any small amount of cast 
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microstructure in FSPed region is detrimental in enhancing the tensile properties as well as crack 

resistance behavior. 

 

6.3 Conclusions 

The layered microstructure with variation in grain size through the thickness was 

processed using multipass friction stir processing and its effect on room temperature mechanical 

behavior were studied. The important conclusions are: 

• Fully refined microstructure (FFG) exhibits superior tensile, fatigue and fracture 

behavior in comparison to as cast, half and surface modified fine grained materials. 

• The strength of HFG and SFG, which contain different proportions of fine grain size 

microstructure was observed to follow the rule of mixture. 

• Grain refinement with dissolved and broken up precipitates were primary reasons for 

improvement in tensile and fracture characteristics of multipass FSPed AZ91 alloy and any 

proportion of as-cast microstructure is detrimental to mechanical properties. 
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CHAPTER 7 

LAYERED MICROSTRUCTURE AND 

SUPERPLASTICITY  

 

The effect of layered microstructures (FFG, HFG and SFG) on the superplastic 

deformation is studied in this chapter. High temperature tensile tests were carried out at 350°C 

using three different initial strain rates i.e. 5 × 10-3 s-1, 1 × 10-3 s-1 and 5 × 10-4 s-1. The FFG 

material showed superplasticity at all strain rates and highest ductility of 680% was achieved at 

the strain rate of 5 × 10-4 s-1.  The AC and HFG material displayed very low elongation while 

SFG material exhibited superplasticity of 388 %.  The superplastic behavior in SFG was due to 

increase in the fraction of fine grained microstructure and modification of as-cast microstructure 

on both the surfaces. Microstructure and texture studies revealed that grain boundary sliding 

accommodated by grain boundary migration and grain rotation was responsible for 

superplasticity in FSPed region.     

7.1 Results  

7.1.1 Microstructure post friction stir processing 

The three dimensional (3D) macrostructural montage of AC material and materials 

processed with different FSP tools are shown in the Fig. 7.1. Multiple optical images were taken 

from orthogonal surfaces and stitched together to obtain the 3D montage.  

 

 

Fig. 7.1: Macrostructure of samples; a) AC, b) HFG, c) SFG and d) FFG. The process 

direction, transverse direction and thickness direction are represented by arrows X, Y 

and Z respectively.  
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Fig. 7.1(a) shows typical as-cast microstructure, consist of dendrites and interdendrites. 

The HFG material has two layers as shown in Fig. 7.1(b), one half of the thickness is FSPed 

region and remaining 1.5 mm of the 3 mm thick material is unprocessed region. It has semi-

circular ring patterns in the XZ plane in the FSPed region. The SFG material has three layers as 

shown in Fig 7.1(c), the top and bottom 1 mm of the material are FSPed region and the middle 

1 mm is unprocessed region.  Fig. 7.1(d) exhibits fully FSPed region throughout the 3 mm 

thickness of the plate. It too has semi-circular ring pattern in the XY plane and onion rings in 

the YZ plane. The reason for microstructure obtained after multipass FSP using similar 

processing parameters were discussed briefly in Chapter 5. 

7.1.2 Superplastic deformation  

The tensile tests were carried out at 350 ⁰C with tensile axis parallel to the process 

direction. The flow curves and corresponding deformed samples obtained after the test at 350oC 

and three different strain rates of 5 × 10-3 s-1, 1 × 10-3 s-1 and 5 × 10-4 s-1 are shown in the Fig. 

7.2(a), Fig. 7.2(b) and Fig. 7.2(c) respectively. As-cast material exhibited no superplasticity but 

its ductility increased from approximately 3 % at 5 × 10-3 s-1 to 27 % at 5 × 10-4 s-1. The HFG 

material also showed elongation in the range of 50 % to 64 %. The flow behavior of SFG 

material at the strain rate of 5 × 10-3 s-1 is similar to that of HFG material which can be observed 

from the Fig. 7.2(a). However, it exhibited 180 % elongation at 1 × 10-3 s-1 strain rate and nearly 

390 % elongation at 5 × 10-4 s-1. On the contrary, FFG material exhibited superplasticity at all 

strain rates with a noticeable difference in percentage elongation at different strain rates; 320 % 

at 5 × 10-3 s-1, 485 % at 1 × 10-3 s-1 and 680 % at 5 × 10-4 s-1. The FFG material showed flow 

softening at 5 × 10-3 s-1 whereas at 1 × 10-3 s-1 and 5 × 10-4 s-1 it showed strain hardening. During 

superplastic deformation, hardening can occur either due to dislocation activity or dynamic 

grain growth. 
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Fig.7.2: True stress versus true strain curves and corresponding deformed samples after 

deformation at 350ºC and at strain rates of a) 5 × 10-3 s-1, b) 1 × 10-3 s-1 and c) 5 × 10-4 s-1. 

 

7.1.3 Strain rate sensitivity 

The important parameter that defines superplasticity of a material is strain rate sensitivity 

(m). It measures the variation in flow stress as a function of strain rate. The strain rate sensitivity 

index (m) of the material was calculated employing the following equation (Eq. 7.1): 

  𝑚 =  
𝜕𝑙𝑛𝜎

𝜕𝑙𝑛�̇�
      7.1 

In the equation σ is flow stress and 𝜀̇ is initial strain rate at which the test was carried 

out. The m values of all the four materials measured at peak load is given in the Table 7.1. 
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Table 7.1: Strain rate sensitivity measured at peak load 

Material 
‘m’ value at 

peak load 

AC 0.16 

HFG 0.36 

SFG 0.60 

FFG 0.54 

 

 

Fig. 7.3: (a) Flow stress vs. strain rate and (b) elongation vs. strain rate. 

The strain rate sensitivity measured from slope of the linear fits in Fig. 7.3(a) was 

compared with their corresponding elongation versus strain rate in Fig.7.3(b). The elongation 

of AC and FFG materials was in accordance with their m values. However, elogation of  layered 

microstructured materials, HFG and SFG was quite low in comparison to the m values (Fig. 

7.3(b)). Cao et al. [247] also reported elongation of 55.6 % from their work on LAZ922 Mg 

alloy although m value exhibited by the maetrial was 0.64. It implies that the high m value is a 

necessary but not sufficient condition for a material to behave superplastically.  
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7.1.4 Fracture surfaces 

Figure 7.4 shows fractographs of samples deformed at 350 ºC and at strain rate of 1 × 

10-3 s-1.  Low magnification fractographs of AC (Fig. 7.4(a)), HFG (Fig. 7.4(b)), SFG (Fig. 

7.4(c)), and FFG (Fig. 7.4(d)) are showing distinct features in processed region and unprocessed 

region. The AC material showed lower ductility and its fracture surface have both cleavage and 

dimples as shown in the Fig. 7.4(e) and Fig. 7.4(f) respectively.  

 

Fig. 7.4: Low magnification fractographs of tensile samples tested at 350⁰C and at a 

strain rate of 1 × 10-3 s-1; (a) AC, (b) HFG, (c) SFG and (d) FFG. Higher magnification 

fractographs reveal (e) brittle fracture region in AC material, (f) brittle and ductile mix 

mode fracture regions in AC material, (g) ductile fracture in as-cast region of HFG 

material, (h) intergranular fracture in FSPed region in HFG material, (i) intergranular 

fracture in FSPed region of SFG material and (j) fibres due to grain separation at high 

strain in FFG material. 
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As-cast region of HFG material showed (62 % elongation at 1 × 10-3 s-1) dimples in their 

fracture morphology (Fig. 7.4(g)) whereas, FSPed region of HFG materials showed 

intergranular fracture surface in Fig. 7.4(h). Similar intergranular fracture can be observed in 

FSPed region of SFG and FFG materials in Fig. 7.4(i) and Fig. 7.4(j) respectively. On comparing 

the fracture surface of FSPed region in HFG with SFG, it appears that the size of the grains were 

larger in SFG material. Interestingly, SFG showed higher elongation than HFG material.  

Fracture surface of FFG material in Fig. 7.4(j) showed fibres in addition to intergranular 

fracture.   Fibres were formed during grain separation at high strain values, in excess of 1.5 true 

strain. 

7.1.5 Microstructure and texture after superplastic deformation 

EBSD scans were used to analyse the microstructure after fracture. The scans were 

performed in FSPed region to understand the microstructural evolution during deformation and 

presented in Fig.7.5.  

 

Fig. 7.5:  IPF maps obtained from EBSD scans of FSPed region in x-z plane close to the 

fracture surface of tensile tested samples; (a), (b) and (c) are from HFG material, (d), (e) 

and (f) are from SFG material and (g), (h) and (i) are from FFG material. The ascending 

order of every material is corresponding to 5 × 10-3 s-1, 1 × 10-3 s-1 and 5 × 10-4 s-1. 
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The images were cropped for the sake of clarity while comparing the microstructure. On 

comparing the FSPed microstructure, for example in HFG materials, with decreasing strain rate 

in Fig. 7.5(a) to 7.5(c), the grain size increases from 1.6 to 2.0 µm. Similarly, in SFG (Fig. 

7.5(d), (e) and (f)) and FFG (Fig. 7.5 (g), (h) and (i)) with decreasing strain rate the grain size 

increased after deformation. There is considerable difference in the final grain size after 

deformation in the FSPed region of HFG (2.0 µm), SFG (5.1 µm) and FFG (9.6 µm) at the 

lowest tested strain rate of 5 × 10-4 s-1.  This confirmed that dynamic grain growth occurred in 

FFG material as the grain size was higher for the material which experienced higher strain at 

lower strain rate. 

 

Fig.7.6: IPF maps of deformed samples with tensile axis parallel to process direction 

(parallel to X-axis shown above) at a strain rate of 5 × 10-4 s-1; (a) AC material with 

highlighted (yellow) extension twins indicated by arrows in its IPF map and (b) grain 

boundary misorientation distribution of as-cast material showing predominant tensile 

twin population around 86.3⁰, (c) HFG, (d) SFG and (e) FFG. 

 

The EBSD map of materials tested at strain rate of 5 × 10-4 s-1 covering both the as-cast 

and FSPed microstructure in HFG and SFG materials and similar length scale maps from AC 

and FFG materials were collected and presented in Fig. 7.6. The tensile direction is horizontal 

in the plane of the paper. Considerable texture evolution accompanied by grain growth occurred 

during superplastic deformation in fine grained region. The IPF map of as-cast material showed 
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twins in some grains probably due to unfavourable orientation of the grains for slip (Fig. 7.6(a)). 

The twins were identified as extension twins from the grain boundary misorientation distribution 

(Fig. 7.6(b)) in as-cast material, which have predominantly 86.3⁰ misorientation angle. IPF map 

of deformed HFG material is shown in Fig. 7.6(c). The HFG microstructure consists of few 

recrystallized grains in as-cast region and finer grains with strong basal orientation in FSPed 

region.  IPF map of SFG material in Fig. 7.6(d) showed texture randomization in the FSPed 

region, whereas, as-cast material did not show any microstructure evolution. However, in Fig. 

7.6(e) the FFG material showed considerable grain growth having equi-axed grain morphology 

and random texture after the deformation.  

7.2 Discussion 

7.2.1 Superplastic behavior of inhomogeneous microstructure 

This work was intended to study the effect of microstructural modification and 

introduction of inhomogeneous microstructure on superplasticity in Mg alloys. In general, 

inhomogeneity in initial material would lead to inhomogeneous deformation and strain 

localization which eventually lead to failure [248]. In classical superplastic literature, uniform 

fine grained microstructure was considered favourable for superplasticity.  However in Al 

alloys, inhomogeneous microstructure has shown to exhibit higher ductility than homogeneous 

fine grain microstructure [207–209,234]. Pancholi et al. [249] demonstrated that at least 50% 

fine grain microstructure is required in the Al 5086 alloy for it to exhibit superior superplasticity 

when compared to the homogeneous fine grained material.  It was argued that microstructural 

refinement in remaining 50% of coarse grain microstructure, which lead to fully homogenous 

microstructure in the material, was the reason for higher superplasticity [234,250]. However in 

the present work, layered microstructure material exhibited elongation lower than fully fine 

grained microstructure. Lack of superplasticity in HFG and SFG can be attributed to 

insignificant microstructural refinement in the coarse grain, as-cast microstructure during 

deformation, as shown in the Fig. 7.6(c) & the Fig. 7.6(d). It is well established that Al alloys 

exhibit continuous dynamic recrystallization (CDRX) [251,252]whereas, AZ91 Mg alloys 

exhibit discontinuous dynamic recrystallization [253]. It appears that CDRX of coarse grains in 

the layer microstructure of Al alloys was the primary reason for higher superplastic elongation 

in Al alloys which was not present in the AZ91 Mg alloy. However, elongation of more than 

600 % and strain rate sensitivity of more than 0.5 in FFG material confirmed that friction stir 
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processed AZ91 behave superplastically at a temperature of 350 oC and at strain rate of 5 × 10-

4 s-1. 

 

Fig. 7.7: Comparison of superplastic elongation in FSPed layered microstructure with 

the rule of mixture: a) 5 × 10-3 s-1, b) 1 × 10-3 s-1 and c) 5 × 10-4 s-1. 

 

The superplastic elongation results of HFG and SFG were in between the AC and FFG 

samples. It appears that the properties were dependent on proportion of the processed 

microstructure. In order to understand behavior of HFG and SFG material as a composite of 

different microstructures, the superplastic elongations are compared with the rule of mixture 

given by Eq. 7.2 and shown in Fig. 7.7.   
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𝑒𝑐 =   𝑓 × 𝑒𝑓 +  (1 − 𝑓) × 𝑒𝑚    7.2 

where,  f is the fraction of processed region and 𝑒𝑓, 𝑒𝑚 and 𝑒𝑐 are the elongation of fully 

processed microstructure, as-cast microstructure and composite microstructure, respectively.  It 

is clear that elongation values are not exactly following the rule of mixture at the strain rates 5 

× 10-3 s-1 (Fig. 7.7(a)) and 1 × 10-4 s-1 (Fig. 7.7(b)) but the value is approximately similar for SFG 

material deformed at 5 × 10-4 s-1 (Fig. 7.7(c)).  The elongation values for different proportions 

of fine grain microstructure is significantly lower than the value predicted by the rule of mixture. 

Elongation of HFG materials was relatively close to AC materials at all strain rates. On the other 

hand, elongation of SFG increased with decrease in strain rate. It is clear that total elongation 

not only depends on proportion of fine grain microstructure but also on their distribution. In 

HFG material, fine grain microstructure was 50 % from one end and the other half contain as-

cast microstructure whereas in SFG, both the surfaces contain fine grain microstructure with 67 

% overall fraction of fine grain microstructure. Comparison of fractographs in Fig.7.4(b) and 

(c) indicate that in HFG material, fracture initiated in as-cast region and both the microstructural 

regions failed at the same time. On the other hand, in SFG the fine grained region showed 

considerable necking after failure of as-cast region. It is well known that surface irregularities 

are more critical than internal defects. One of the surface of HFG material consist of coarse 

dendrites and brittle interdendritic as-cast microstructure. Having brittle microstructure at the 

surface in case of HFG result in early onset of instability at final fracture. 

 

7.2.2 Deformation mechanism 

In AC material, slip as well as tensile twins contributed to the ductility it achieved at the 

strain rate of 5 × 10-4 s-1, as observed from the IPF map in Fig. 7.6(a).  In fine grained materials 

exhibiting superplasticity, GBS was reported as the primary deformation mechanism. Other than 

GBS, diffusion creep was found in Al alloys with high solute content [254,255]. In the present 

work, grain growth and equiaxed morphology was observed in FSPed region of all materials. In 

fact, grain growth was found to be proportional to the amount of deformation. Recently, 

Figueiredo et al. [65] reported similar grain growth during superplastic deformation of pure Mg 

at low temperatures.  The grain growth was mostly static at low strain rate but strain enhanced 

dynamic grain growth might also contribute. Carpenter et al. [256] observed that without strain 

the rate of grain growth was lower than with strain at a constant temperature. Moreover, dynamic 
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grain growth during superplastic deformation leads to strain hardening and prevents necking at 

low strain rate [257,258] which is evident from the flow curves and deformed samples presented 

in Fig.7.2. Moreover, in textured Mg alloys, interaction of slip systems gives rise to strain 

hardening [259]. Wilkinson and Caceres [258] studied the mechanism of dynamic grain growth 

during superplastic deformation. It was stated that strain localization at triple junction enhances 

normal grain growth and grains remain equi-axed due to GBS.   

 

 

Fig. 7.8: Pole figures of FSPed region in deformed samples; (a) HFG, (b) SFG and (c) 

FFG at strain rate of 5 × 10-4 s-1 and their corresponding grain boundary misorientation 

distributions at (d), (e) & (f). 

 

GBS requires an accommodation mechanism in order to avoid stress concentration due 

to impediments or in other words to make grain boundary mobile. The accommodation 
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mechanism could be grain boundary migration, recrystallization, diffusion creep or dislocation 

slip. The pole figure in Fig. 7.8(a) showed basal texture in HFG material at the strain rate of 5 

× 10-4 s-1. The randomization of texture and reduced intensity in FSPed region with increasing 

ductility in SFG material is clear in Fig. 7.8(b). It becomes completely random in FFG material 

where it fails at a fairly large true strain of 2 (Fig. 7.8(c)). Moreover, the fraction of 30⁰ grain 

boundary misorientation in FSPed region before deformation (Fig. 5.7(c)) can be observed in 

HFG material (Fig. 7.8(d)) even after the deformation at the strain rate of 5 × 10-4 s-1. Further, it 

becomes gradually distributed into higher misorientation angles with the increase in superplastic 

elongation in SFG (Fig. 7.8(e)) and in FFG (Fig. 7.8(f)) materials, which ensures grain rotation 

due to migration of grain boundaries. It further supports the argument of texture randomization 

during superplastic deformation. Similar change in texture from basal to random after 

superplastic deformation was observed in Mg alloys by Kandalam et al. [260] and Watanabe et 

al. [261]. Hence, GBS accommodated by grain boundary rotation and migration is the 

deformation mechanism responsible for superplasticity of FSPed AZ91 Mg alloy.  

7.3 Conclusions 

The layered microstructure with variation in grain size through the thickness of AZ91 

Mg alloy was processed using multipass friction stir processing and tensile test was carried out 

at three different strain rates at 350 °C. The important conclusions of the work are: 

• Fully refined microstructure (FFG) displayed superplasticity at all tested strain rates 

with a maximum elongation of 680 % at the strain rate of 5×10−4 s−1. 

• The AC and HFG material showed improvement in ductility but failed to show any 

superplasticity while SFG material exhibited superplasticity at 1×10−3 s−1 and 5×10−4 

s−1. 

• As-cast microstructure is detrimental to superplasticity as it debonds easily at the 

interface of brittle interdendrites. FSPed region with the microstructure of fine grains 

and evenly distributed precipitates is favorable microstructure for superplastic 

elongation. 

• Grain growth, change in texture from basal to random and decrease in the fraction of 

30° grain boundary misorientation angle with deformation in the FSPed region indicates 

that GBS accommodated by grain rotation and grain boundary migration is the 

deformation mechanism responsible for superplasticity. 
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CHAPTER 8 

CONSTITUTIVE EQUATION 

 

In this chapter, a constitutive equation for the superplasticity of FSPed AZ91 Mg alloy 

was developed. The tensile samples were tested at 150 ⁰C, 250 ⁰C and 350 ⁰C and at three strain 

rates; 5 × 10-3 s-1, 1 × 10-3 s-1 and 5 × 10-4 s-1 on each temperature. The results were used to 

evaluate the material parameters of constitutive equation. The calculated material parameters 

found to vary with the strain. The flow curves tested at 250 ⁰C and 350 ⁰C exhibited strain 

hardening behavior. Microstructures were obtained from the XZ plane at grip and at fractured-

tip of the tested samples. Dynamic grain growth was evident from the observed microstructures.  

The reason for the variation of material parameters with strain was due to the strain hardening 

caused by dynamic grain growth. The reason for maximum superplastic elongation of 818 % 

exhibited at 250 ⁰C and at a strain rate of 1 × 10-3 s-1 was because of the more stable grain size 

at this test condition. 

 

8.1 Results  

8.1.1 Superplastic deformation 

The flow curves of samples tensile tested at 150 ⁰C, 250 ⁰C and 350 ⁰C and at three 

different strain rates of 5 × 10-3 s-1, 1 × 10-3 s-1 and 5 × 10-4 s-1 at each temperature are shown in 

the Fig.8.1.  The Fig. 8.1(a), (b) & (c) shows the comparison of flow behavior with respect to 

temperature at strain rates 5 × 10-3 s-1, 1 × 10-3 s-1 and 5 × 10-4 s-1 respectively . The Fig. 8.1(d), 

(e) & (f) shows the flow behavior with respect to strain rates at temperatures 150 ⁰C, 250 ⁰C and 

350 ⁰C respectively. The material did not showed superplasticity at 150 °C. At 250 ⁰C and 350 

⁰C the material exhibited superplasticity at all strain rates.  Strain hardening was observed in the 

flow curves of samples tested at 350 ⁰C and 250 ⁰C and at the strain rates 1 × 10-3 s-1 and 5 × 10-

4 s-1. However, it was more apparent in the flow curve obtained by testing at 350 ⁰C than at 250 

⁰C. This variation in flow behavior with strain can be understood on the basis of microstructural 

changes occurred concomitantly during superplastic deformation. Hence, it is necessary to 

evaluate the parameters of the constitutive Eq. 8.1 [262] with respect to strain.  
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𝜀̇ =  
𝐴𝐷𝑜𝐺𝑏

𝑘𝑇
(

𝒃

𝑑
)

𝑝
(

𝜎

𝐺
)

𝑛
exp (

−𝑄

𝑅𝑇
)   8.1 

 

In the above equation, 𝜀̇ is strain rate, σ is flow stress, A is a dimensionless constant, D = 

D
0
exp (

−𝑄

𝑅𝑇
) is diffusion co-efficient, Q represents activation energy, G = (1.92 ⅹ 104 – (8.6T)) 

denotes shear modulus, where T is temperature in Kelvin, b is Burger’s vector, p is grain size 

exponent, n is stress exponent = 1/m (m is strain rate sensitivity), k is Boltzmann constant = 1.38 

ⅹ 10-23 J/K and R is Gas constant  = 8.314 J mol
-1

 K
-1

. 

 

 

Fig. 8.1: True stress vs True strain curves of samples tensile tested at 150 ⁰C, 250 ⁰C and 

350 ⁰C and at three different strain rates of 5 × 10-3 s-1, 1 × 10-3 s-1 and 5 × 10-4 s-1 at each 

temperature. Flow stress behavior with respect to temperature at strain rates; (a) 5 × 10-

3 s-1, (b) 1 × 10-3 s-1 and (c) 5 × 10-4 s-1. Flow stress behavior with respect to strain rate at 

temperatures: (a) 150 °C, (b) 250 °C and (c) 350 °C. 

 



113 

 

The Fig. 8.2 shows percentage elongation at different strain rates with respect to 

temperature. At 150 ⁰C the flow curve at a strain rate of 5 × 10-4 s-1 exhibited considerable 

elongation of 62 % but no superplastic deformation.  The total elongation to failure generally 

supposed to increase with increasing temperature and decreasing strain rate. At 350 °C, the 

material exhibited elongation of 320 %, 485 % and 680 % at the strain rates of 5 × 10-3 s-1, 1 × 

10-3 s-1 and 5 × 10-4 s-1 respectively. However, at 250 ⁰C and at a strain rate of 1 ⅹ 10-3 s-1 the 

material exhibited maximum elongation of 818 %.  

  

 

Fig. 8.2: Elongation versus Temperature at different strain rates. 

 

8.1.2 Strain rate sensitivity (m) 

The value of m determined from the plot of ln (σ) against ln (𝜀̇) at a true strain of 0.2 is 

presented in Fig 8.3(a). The strain rate sensitivity (m) was measured using Eq. 7.1 at a true strain 

values of 0.1, 0.2, 0.5, 0.7 and 1. 
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Fig. 8.3: (a) Plot of ln (σ) vs ln (ὲ) to evaluate m value at a true strain of 0.2 and (b) Plot 

showing variation of m with strain 

 

The variation of m value with strain is shown in the Fig. 8.3(b). The m value at 250 ⁰C 

found to increase from 0.38 at a true strain of 0.1 to 0.71 at a true strain of 0.5 and then decreases 

to 0.47 at a true strain of 1. At 350 ⁰C it increases from 0.54 at a true strain of 0.1 to 0.65 at a 

true strain of 0.2 and then decreases to 0.29 at a true strain of 0.7.  The maximum value of m 

was 0.71 at 250 ⁰C and at a strain of 0.5. At 350 ⁰C the maximum m value was 0.65 at a strain 

of 0.2.  Increasing “m” value implies that the microstructure evolution favours the superplastic 

deformation up to a true strain value where it reaches the maximum. On observing the 

corresponding flow curves in Fig. 8.1 at 250 ⁰C and 350 ⁰C, the strain hardening seems to initiate 

at these true strain values. 

 

8.1.3 Stress exponent (n) 

The stress exponent (n) at various strain values are evaluated by plotting all the data 

available from experiment at appropriate strain.  The n value at 250 °C and 350 °C is the slope 

value on plotting the relation 8.2 as shown in the Fig. 8.4. 

 

𝑙𝑛 
ε̇kT

DGb
 (

d

b
)

2
against 𝑙𝑛 (

𝜎

𝐺
)    8.2 
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Fig. 8.4: Plots to evaluate stress exponent “n”. 

 

Fig. 8.5: Variation of stress exponent “n” with true strain. 

 

For materials deforms by GBS, the grain size exponent (p) was considered as 2 [263]. 

The variation in “n” value with strain is shown in the Fig. 8.5. It was in the range of 
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approximately 1.5 to 2.5. At 250 °C, the n value was 2.6 at a true strain of 0.1 and decreases up 

to 1.5 at a true strain of 0.7 and increases further to 2.0 at a true strain of 1. Similarly at 350 °C, 

the n value was 1.6 at a true strain of 0.1 decreases to 1.5 at a true strain of 0.2. On further 

increase in strain to 0.5 the n value increased to 2.7. The variation in n values with respect to 

strain are similar to the variation of m and Q, which can be correlated with the strain hardening 

behavior observed from the flow curves. 

 

8.1.4 Activation energy 

The activation energy (Q) were evaluated using the Eq. 8.3 [264]. The plot between ln 

(σ) versus 1/T as shown in the Fig. 8.6 gives the slope value, which has to be substituted in Eq. 

8.3 to obtain the Q value. 

𝑄 =  −𝑛𝑅 (
𝜕 ln 𝜎

𝜕 (
1000

𝑇
)
)    8.3 

The variation of calculated activation energy with strain at  250 °C and 350 °C are 

presented in Fig 8.7(a) and Fig 8.7(b) respectively. The calculated activation energies shows 

variation with respect to strain as well as temperature. The Q value was found close to the grain 

boundary diffusion of Mg which is 92 kJ/mol whereas the Q value for lattice diffusion is 140 

kJ/mol [202]. The values are considerably higher at 250 °C (Fig. 8.7(a)) compared to that at 350 

°C (Fig. 8.7(b)).  Mostly, the Q values found to decrease with strain except at the strain rate of 

5 × 10-3 s-1. It implies that as the deformation progress some factors influence the grain boundary 

diffusion process and reduces the required energy to activate grain boundary diffusion. 
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Fig. 8.6: Plot of ln (σ) vs 1000/T at a true strain of 0.2 to find the slope and calculate 

activation energy. 

 

 

Fig. 8.7: Variation of activation energy with strain during the superplastic 

deformation at (a) 250 °C and (b) 350 °C. 

 

8.1.5 Constitutive equation 

As the material exhibited variation in flow behavior with increasing strain, the 

constitutive equation was developed based on the initial deformation condition at the true strain 

of 0.2. The grain size exponent (p) was considered as 2 due to GBS. As the stress exponent 

varies from 1.5 to 2.5, the average value of 2 was considered and the Q value calculated showed 

that it was corresponding to grain boundary diffusion (92 kJ/mol). The material constant, A, 

was calculated, using all the necessary data at the true strain 0.2 in the Eq.8.1. the A value turned 
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out as 2.5 ⅹ 1015. Hence the constitutive equation for superplasticity of friction stir processed 

AZ91 Mg alloy is given as Eq. 8.4. 

 

𝜀̇ = 2.5 ×  1015 
𝐷𝑜𝐺𝑏

𝑘𝑇
 (

𝑏

𝑑
)

2
(

𝜎

𝐺
)

2
𝑒𝑥𝑝 (

−92000

𝑅𝑇
) 8.4 

 

8.2 Discussion 

Generally strain does not play any role in characterizing the flow behavior during high-

temperature steady-state deformation. However, if there is any change in the microstructure that 

disrupts steady-state flow, then the strain would influence the flow behavior. If such changes 

are not considered while evaluating the materials parameters of the constitutive equation the 

steady-state equation will become misrepresentative. This aspect of change in flow behavior 

during superplastic deformation was reported in IN744 steel due to concurrent occurrence of 

strain hardening and strain softening by Kashyap and Mukerjee [265]. The microstructural 

evolutions such as, long and coarse grains become equi-axed, and grain growth were observed 

in the superplastic materials by Suery and Baudelet [266]. This denotes that there is an extensive 

microstructural evolution either in the grain size or in the defect structure during superplastic 

deformation. Moreover, the m values obtained from the constant stain-rate tests and change in 

strain-rate tests are often not in accord with each other [267]. Backofen et al [268] showed that 

a gradually falling in strain rate sensitivity could be explained by the gradual change in the 

microstructure during deformation. Hedworth and Stowell [269] mentioned that it is not 

possible to obtain true steady-state condition.  

In this work, the flow curves at the temperature of 250 °C and 350 °C and at strain rates 

of 1 × 10-3 s-1 and at 5 × 10-4 s-1 exhibited strain hardening which can be observed in the Fig. 

8.1. The strain hardening is severe in the case of materials tested at 350 °C. It denotes that the 

flow is not a steady-state deformation. Hence, the m value and the material parameters Q and n 

in the Eq. 8.1 are evaluated at different strain values. At 250 °C the m value reaches its maximum 

at a true strain of 0.7 and at 350°C it reaches its maximum at a true strain of 0.2. It has to be 

noted that at 250 ⁰C the m value close to 0.5 even at the true strain of 1 and at 350 ⁰C the m value 

reaches to 0.29 at a true strain of 0.7. It can be correlated with the strain hardening observed in 

the flow curves (Fig. 8.1). At 250 ⁰C, strain hardening was observed to begin after the true strain 

of 0.5 while at 350 ⁰C the strain hardening begins at the true strain of approximately 0.2. As the 

strain hardening progresses the m value observed to decrease with the strain. 
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Fig. 8.8: Optical microstructure at the fractured tip and at grip of the sample tensile 

tested at 150 °C and at a strain rate of 5 × 10-4 s-1. 

 

In the previous chapter at discussion section 7.2.2, it was stated that GBS accommodated 

by grain rotation and grain boundary migration was the mechanism responsible for superplastic 

deformation in FSPed region. It contains argument of dynamic grain growth as the reason for 

strain hardening observed in the flow curve obtained at 350 °C. Hence, to confirm the 

occurrence of dynamic grain growth, the microstructure at the grip and fractured tip of the 

tensile tested sample were obtained. In the Fig.8.8, the optical microstructures, of the sample 

tensile tested at 150 °C ant at a strain rate of 5 × 10-4 s-1, were obtained from the transvers section 

(XZ plane), at grip and at crack tip. The grains appeared like a clusters in both the 

microstructures due to very fine grain sizes of the order of 1 to 2 μm. 

Similar microstructures were obtained from the samples tensile tested at 250°C (Fig. 

8.9) and at 350 °C (Fig. 8.10). The microstructures at the grip section of the samples tested at 

250 °C showed no difference in the microstructure which reveals no static grain growth at this 

temperature. However, at the strain rate of 1 × 10-3 s-1 and 5 × 10-4 s-1 the microstructure from 

tip region showed increase in average grain size to 4 μm which reveals the occurrence of 

dynamic grain growth. At 350 °C, increase in grain size to 2 μm and 4 μm was observed in the 

microstructures obtained at grip at the strain rate of 1 × 10-3 s-1 and 5 × 10-4 s-1 respectively. The 

corresponding grain sizes at the tip become 7 μm and 10 μm. It reveals that both static and 

dynamic grain growth had taken place at the samples tested at 350 °C.  
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Fig. 8.9: Optical microstructures at the fractured tip and at grip of the samples tensile 

tested at 250 °C.   

 

 

Fig. 8.10: Optical microstructures at the fractured tip and at grip of the samples tensile 

tested at 350 °C 
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The Q values also found to decrease with the increase in strain and n value followed 

similar variation as that of m value. At a strain rate of 5 ⅹ 10-3 s-1 the activation energy achieve 

a maximum at a true strain of 1 on both 250 ⁰C and 350 ⁰C. At the strain rate of 1 ⅹ 10-3 s-1 and 

5 ⅹ 10-4 s-1 the activation energy almost decreases with strain, as seen in Table 8.1. There is no 

unique value of activation energy during the deformation. The reason could be due to several 

possibilities. One of the possibilities is the microstructural change in terms of dislocation 

activity, which influences the stress term in the numerator of eqn. 8.1 through a process of strain-

hardening. These dislocations seem to be emanated from grain boundaries [270,271] because of 

large stress concentration developed due to grain-boundary sliding [272]. Small changes in the 

value of n as a function of strain also change the numerator of Eq. 8.1 significantly and can be 

correlated with the dislocation activity. The Q values at early stages of deformation are close to 

the activation energy of grain boundary diffusion in Mg alloys. Thus, GBS accommodated by 

slip activities were responsible for the dynamic grain growth and strain hardening behavior 

observed in the flow curves and causes the material parameters to vary with the strain. Further, 

static grain growth occurred at higher temperature (350 °C). Tripathi et al [273] observed 

bimodal grain sizes (elongated and equi-axed) after twin roll casting in AZ31 alloy. The 

microstructure remains stable up to an annealing temperature of 300 °C, however the grains 

become large and equi-axed at 500 °C. In this work also the microstructure was more stable 

during the deformation at 250 °C when compared to that at 350 °C which makes the material to 

exhibit maximum elongation of 818 % at 250 °C and at a strain rate of 1 ⅹ 10-3 s-1. 

  

8.3 Conclusions 

The friction stir processed AZ91 Mg alloy was tensile tested at high temperatures in 

order to formulate a constitutive equation for superplastic deformation. The following 

conclusions were made, 

• A constitutive equation for the superplasticity of FSPed AZ91 alloy was proposed. 

• Maximum elongation of 818 % observed at 250 °C and at a strain rate of 1 ⅹ 10-3 s-1. 

• The material parameters were found to vary with the strain during superplastic 

deformation due to strain hardening at 250 °C and 350 °C. 

• Grain boundary sliding accommodated by slip activities generated dynamic grain growth 

was the reason for strain hardening. 
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CHAPTER 9 

CONCLUSIONS & SUGGESTIONS FOR 

FUTURE WORK 

 

This chapter details about the important findings made in the present research work and 

scope for future work.  

Conclusions 

In the present work, the hard to work as-cast AZ91 Mg alloy was chosen to search for 

improvement in its mechanical behavior by using friction stir processing method. Preliminary 

studies on the tensile and fracture toughness of the as-cast AZ91 Mg alloy was performed in as-

cast, T4 and T6 conditions. The as-cast alloy was then multipass friction stir processed to modify 

its microstructure. The microstructural modifications were obtained by FSP using three tools, 

i.e., PL4, PL5 and PL7 with different pin lengths 4 mm, 5mm and 7 mm respectively. The effect 

of these pin length on FSPed microstructures were studied. Three kinds of layered 

microstructure was developed through the thickness of the material, namely, і) FFG, іі) HFG 

and ііі) SFG. The effect of these layered microstructures on the room temperature and high 

temperature mechanical behavior was studied. Finally, a constitutive equation was developed 

for the superplastic behavior of full thickness FSPed AZ91 Mg alloy.  

 

The important conclusions from the work are as follows, 

 

 Preliminary studies on the as-cast microstructure showed the microstructure of as-cast 

material contains 100 μm large, α-Mg matrix grains and network of brittle β phase. The 

β particles got dissolute in to α-Mg matrix after T4 solution treatment and re-precipitates 

during aging treatment after solutionizing (T6). The strength increased from 80 MPa in 

as-cast condition to 132 MPa in T4 and T6 conditions. Percentage elongation improved 

from 0.8% in as-cast to 4 % in T4 condition but further reduced to 2 % in T6 condition. 

The percentage elongation of the materials in as-cast, T4 and T6 conditions can be 

correlated with the cleavage facets, quasi-cleavage surfaces and river patterns from their 

respective fractographs. The fracture toughness of the material (JⅠC) was also found to 
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improve from 1.7 kJ/m2 in as-cast condition to 4.2 kJ/m2 in T6 condition. On further 

aging, JⅠC value reduces to 3.1 kJ/m2. The crack tip observed to followed intergranular 

crack path in T4 condition and transgranular in T6 condition. At the fatigue pre-crack 

region, crack bridging, an extrinsic toughening mechanism was observed due to the 

presence of precipitate particles but the intrinsic damage mechanism, i.e., segregation of 

α/β interface at crack tip determined the crack resistance behavior. 

 The microstructure of the friction stir processed region contained grains with the average 

size of 0.8 μm and predominant basal texture slightly tilted towards process direction in 

the normal plane (XY plane). The effect of tool pin length (PL4, PL5 and PL7) on the 

FSPed microstructure showed differences in the macrostructure of the processed regions 

but the difference in microstructural aspects, i.e., phase distribution, microstructure and 

its influence on mechanical properties were inconsequential. Semi-circular ring patterns 

was observed in the tools with pin length 5 mm (PL5) and 7 mm (PL7) due to the only 

pin effect, which was nullified in the FSPed region obtained using the tool with pin 

length 4 mm (PL4) by the combined effect of both pin and shoulder of the tool.  

 The effect of layered microstructures (FFG, HFG and SFG) on the room temperature 

mechanical properties showed that the FFG material exhibited superior tensile, fatigue 

and fracture behavior in comparison to AC, HFG and SFG materials. The strength of 

HFG and SFG materials, which contain different proportions of fine grain and as-cast 

microstructure, observed to follow the rule of mixture. Grain refinement with dissolved 

and broken up precipitates were primary reasons for improvement in tensile, fracture 

and fatigue characteristics of multipass FSPed AZ91 alloy and any proportion of as-cast 

microstructure is detrimental to room temperature mechanical properties. 

 In the study of mechanical behavior of the layered microstructures at 350 °C also, FFG 

material displayed superplasticity at all tested strain rates with a maximum elongation 

of 680 % at the strain rate of 5×10−4 s−1. The AC and HFG material showed improvement 

in ductility but failed to show any superplasticity while SFG material exhibited 

superplasticity at 1×10−3 s−1 and 5×10−4 s−1. As-cast microstructure was detrimental, not 

only to room temperature properties but also to superplasticity, as it debonds easily at 

the interface of brittle interdendrites. FSPed region with the microstructure of fine grains 

and evenly distributed precipitates is favorable microstructure for superplastic 
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elongation. Grain growth, change in texture from basal to random and decrease in the 

fraction of 30° grain boundary misorientation angle with the increasing deformation in 

FSPed region indicates that GBS accommodated by grain rotation and grain boundary 

migration is the deformation mechanism responsible for superplasticity.  

 A constitutive equation for the superplasticity of FSPed AZ91 alloy was developed. The 

full thickness friction stir processed AZ91 Mg alloy was tensile tested at high 

temperatures (150 °C, 250 °C and 350 °C) and at three different strain rates (5 ⅹ 10-3 s-

1, 1 ⅹ 10-3 s-1 and 5 ⅹ 10-4 s-1) at each temperature. The data obtained out of the test results 

were used to formulate a constitutive equation. The material parameters m, Q and n of 

the constitutive equation were found to vary with the strain during superplastic 

deformation. Grain boundary sliding accommodated by slip activities generated 

dynamic grain growth which causes strain hardening. The flow curves at 250 °C and at 

350°C exhibited strain hardening behavior. This non steady-state behavior becomes 

reason for the variation of material parameters with the strain. The material showed 

maximum elongation of 818 % at 250 °C and at a strain rate of 1 ⅹ 10-3 s-1 due to grain 

stability at this test condition.  

Suggestions for future work 

 The combination of different grain sized microstructure, either bimodal or layered 

microstructure, in Al alloys and few wrought Mg alloys was reported to exhibit superior 

mechanical properties when compared to the homogeneous fine grained microstructure. In this 

work also, the layered microstructure showed improvement in the mechanical properties but not 

superior to the fully fine grained microstructure. According to the results of this work, as-cast 

material in the layered microstructure was detrimental to the mechanical behavior of AZ91 Mg 

alloy at room temperature as well as at elevated temperature. Moreover, Mg is a low stacking 

fault energy material whereas Al alloys are comparatively high stacking fault energy materials. 

High stacking fault energy materials cross-slip easily and facilitate CDRX in case of Al alloys. 

For enhanced superplasticity in mixed grain size microstructure, the coarse grains in the 

microstructure should undergo microstructure evolution to become equiaxed, small grains 

through CDRX. It is not the case in present work, due to the presence of as-cast microstructure 

of AZ91 Mg alloy.  
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Therefore, the scope for the future works are as follows: 

 Create layered microstructure in as-cast material using two or more sets of FSP 

parameters (rotation speed and traverse speed) will give different grain size regions. This 

will eliminate the detrimental as-cast microstructure from the layered microstructure. 

The effect of this layered microstructure without as-cast material can be studied. 

 Comparative study can be performed on the deformation behavior of layered 

microstructure, generated by FSP in the materials, with high and low stacking fault 

energies (confirm the absence of as-cast region). 

 Detailed deformation behavior in the layered microstructured material can be studied 

using Digital Image Correlation (DIC) maps and in-situ EBSD method. 
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