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The thesis investigates how three metallographic etching reagents which include Keller's 

reagent, Barker's reagent and Weck's reagent affect the ability to interpret the microstructure 

of AA5754 aluminum alloy that was welded through the friction stir welding process. The 

study investigates how well each reagent uncovers specific weld zones that include the 

nugget zone and thermo‑mechanically affected zone and heat‑affected zone while testing 

their ability to show grain boundaries and material flow patterns. Weld samples were 

prepared under controlled conditions and applied all three reagents for etching to assess how 

well each reagent defined structural elements and created contrast for studying 

microstructures. The study demonstrates that the reagents produce distinct results to show 

weld zones where some reagents better show the weld zones and stirring patterns and others 

don’t show any change at all. The research shows that the choice of the regent can determine 

how accurately FSW microstructure can be analyzed, making it easy to identify the problems 

in the weld and weld defects. Optical microscope and electron scanning microscope were 

used to analyze the sample after metallographic preparation and etching and a decision was 

made depending on the images given by the microscope. This research shows that choosing 

the right etching reagent is vital for precise microstructure examination of FSW aluminum 

alloy which leads to identification of any weld defects. 
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1. Introduction 

1.1. Background 

Aluminum alloys have become essential materials for contemporary manufacturing because 

of their lightweight properties, high specific strength, corrosion resistance and superior 

manufacturability. Automotive body panels and marine constructions and pressure vessels 

and transportation parts use AA5754 because its non-heat-treatable Al-Mg alloy 

composition provides an optimal combination of strength and ductility and weldability. The 

aerospace industry requires lightweight materials that deliver better performance while 

producing fewer environmental effects which has created a strong demand for aluminum 

alloy joining methods that produce no distortion. Friction Stir Welding (FSW) serves as a 

critical research area because it functions as a solid-state welding method that The Welding 

Institute (TWI) developed in 1991-particulary relevant today. FSW avoids melting the 

material by using solid material to join workpieces which helps to prevent fusion welding 

defects that create porosity and hot cracking and excessive distortion in aluminum alloy 

welding. FSW needs to be understood because it affects the microstructure of AA5754 which 

shows essential mechanical properties that must be maintained for use in high-stress 

applications.(Mahmoud and Khalifa, 2014) 

The microstructural changes that occur in friction stir welded aluminum alloys have been 

investigated through multiple studies, but researchers have concentrated their efforts on 

studying mechanical properties and tool design and process optimization. This research is 

dedicated to studying the metallographic preparation methods which need to be applied for 

proper microstructural assessment of AA5754 welding needs further exploration. The 

process of metallography acts as an essential method to analyze the nugget zone (NZ) and 

thermo-mechanically affected zone (TMAZ) and heat-affected zone (HAZ) because the 

results depend on the specific etchant used for the analysis. The different etching reagents 

produce distinct effects on phases and matrix which results in different levels of visibility 

for grain boundaries and other microstructural features in deformed regions. The choice of 

etchants holds critical importance for accurate analysis because the microstructure of 

AA5754 behaves differently with etchants than other aluminum alloys. 
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Most studies simply report the etchant used without evaluating whether it is the most 

effective choice for revealing grain morphology or weld-zone transitions. The absence of 

comparative studies results in different research works producing conflicting results because 

they cannot analyze crucial microstructural elements which determine material strength. The 

present research requires systematic testing of three different etching solutions because it 

needs to show how these solutions reveal AA5754 microstructure. The study closes this 

research gap to enhance both academic research and industrial quality control through 

improved reliability and reproducibility of metallographic characterization methods used for 

Al-Mg alloys. 

1.2. Objectives 

The main goal of this thesis research is to examine how three widely used metallographic 

etchants show the microstructure of AA5754 aluminum alloy after friction stir welding. 

Previous studies have dedicated extensive research efforts to investigate FSW joint 

mechanical performance and process optimization, yet researchers have dedicated minimal 

research time to study how etching chemistry methods impact microstructural sample 

preparation. The research team prepared three different etchants to study how each etchant 

affected the revealing of grain boundaries and recrystallized regions and deformation 

patterns throughout the welding zones. This study aims to evaluate etching results from 

different etchants to identify which etchant shows microstructural details with maximum 

clarity and precision. The research project aims to create a complete description of AA5754 

microstructural properties in NZ and TMAZ and HAZ areas after FSW, which will help 

investigate how solid-state welding affects this alloy. The research results will improve the 

reliability of metallographic methods used for Al-Mg alloys and help researchers find the 

suitable etchants they need to conduct in their future studies. In this research, we are going 

to answer two main questions which are; which etching reagent provides the highest clarity 

for AA5754 FSW welds, and why and what differences in grain structure, defects, and 

material flow patterns can be observed when using each reagent. 

1.3. Research scope and limitations 

The scope of this thesis has been restricted to study the etching effects on friction stir welded 

AA5754 aluminum alloy microstructural analysis.  
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The study examines only one alloy AA5754 which represents a non-heat-treatable Al-Mg 

alloy used in different fields of applications and the study tests only friction stir welding 

(FSW) performed under one specific welding parameter control. The research goal aims to 

study how different metallographic etchants impact the visibility and interpretability of 

microstructural features that exist in three welding zones which include the (NZ), (TMAZ) 

and (HAZ). 

The research investigates the success of three common etchants which include Barker's 

reagent, Keller's reagent and Weck's reagent because these etchants produce proper chemical 

reactions with aluminum alloys. Barker's reagent produces strong grain contrast under 

polarized light while Keller's reagent serves as a general-purpose etching solution for Al-Mg 

alloys and Weck's reagent effectively shows deformation bands and sub grain structures. 

The focused approach leads to multiple limitations which impact the study. The research 

does not examine other aluminum alloys except for AA5754 other etching solutions except 

for its chosen method or variation in etching time, temperature, concentration beyond 

standard metallographic practice. The research excludes mechanical testing and hardness 

measurements and corrosion evaluation and numerical modelling because these methods do 

not belong to microstructural characterization. The results only apply specifically on 

AA5754 aluminum alloy welded with FSW and may not be generalized to other alloys or 

welding types without further research. Despite the limitation, the research provides clear 

approach on the role of etching reagent selection in metallographic analysis and provides 

guidance to seeking accurate characterization of the microstructure of AA5754 aluminum 

alloy after FSW.  
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2. Literature review 

The chapter describes the basic properties of aluminum alloys together with their alloying 

systems and the effects of alloying elements on their mechanical and physical characteristics. 

The chapter reviews the different microstructural characterization techniques that 

researchers use to study welded joints. The study presents an overview of friction stir 

welding which highlights its impact on weld microstructure and joint performance. The 

chapter uses earlier research results to present existing knowledge while creating a scientific 

basis for the current research. 

2.1. Overview of aluminum alloys and their alloying system 

Aluminum exists as the third most abundant element in the Earth’s crust which occurs in 

greater quantities than any other metallic element and serves as a key material in engineering 

applications. Pure aluminum exists as a soft metal which can undergo ductile deformation, 

although its physical characteristics improve when it combines with magnesium, silicon, 

copper, manganese and zinc. The microstructure and mechanical properties of aluminum 

alloys undergo modification through these alloying components which create customized 

alloys for industrial needs.(von Hehl and Krug, 2013) 

 

Figure 1. Shows an aluminum bar 

 

Aluminum is used in many industries to manufacture different things like cars, packaging 

materials, ship design and many other applications. The picture shows an example of 

aluminum used in construction to build house ceilings. 
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Aluminum alloys are grouped into two main categories: 

Wrought aluminum alloys are produced through mechanical working processes such as 

rolling, extrusion, forging and drawing which produce various products from material such 

as sheets. Then we have cast aluminum alloys the process of making them begins with 

pouring molten aluminum into molds which enables the metal to solidify into complex 

shapes that require minimal post-processing work.(Robson et al., 2020) 

Each category uses four-digits to name the element; this system was established by the 

Aluminum Association. The first digit represents major alloying element, while the other 

digits identify specific alloy compositions(Robson et al., 2020). 

2.1.1. Alloying elements 

Magnesium (Mg) 

Magnesium is the primary alloying element in the 5xxx series. The material provides solid-

solution strengthening plus improved corrosion resistance and better strain-hardening 

ability. The presence of magnesium in 5xxx alloys increases their work hardening capacity 

which permits successful performing of industrial work operations.(Turbalioglu, Sun and 

Türen, 2015) 

Silicon (Si) 

Silicon is used mainly in 4xxx and 6xxx series alloys. The combination of magnesium with 

silicon creates Mg2Si which enables precipitation hardening in 6xxx alloys. The presence of 

silicon in materials improves their casting ability by lowering the melting temperature point 

to resist corrosion and they are suitable for welding.(Baruah and Borah, 2020) 

Manganese (Mn) 

Manganese protects against recrystallization while it helps maintain the structural integrity 

of grain boundaries. The metal shows common application in 3xxx and 5xxx series 

alloys.(Turbalioglu, Sun and Türen, 2015) 
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Zinc (Zn) 

Zinc is the primary alloying element in 7xxx series alloys, which are among the strongest 

aluminum alloys. The presence of zinc creates 𝑀𝑔𝑍𝑛2 precipitates which develop high 

strength, but they also decrease corrosion protection.(Ratanathavorn and Melander, 2017) 

Copper (Cu) 

The strength of 2xxx series alloys increases through precipitation hardening which uses 

copper as the strengthening element. However, it decreases both corrosion resistance and 

weldability.(Ratanathavorn and Melander, 2017) 

 

2.1.2. Aluminum wrought alloys series 

The wrought aluminum alloys are classified according to their series system, which is 

denoted by the numbers 1xxx-7xxx. Each series consists of different types of aluminum 

alloyed with different alloying elements. 

 

Table 1. Shows aluminum wrought alloy series their main alloying elements and key 

characteristics (Rooy, 1990). 

Series Main Alloying Element Key Characteristics 

1xxx  Al High electrical conductivity, corrosion 

resistance 

2xxx Cu High strength, aerospace application 

3xxx Mn Good formability, moderate strength 

4xxx Si Low melting point, used in welding 

and brazing 

5xxx Mg High strength, excellent weldability 

6xxx Mg + Si Very high strength, aerospace 

applications 

7xxx Zn Very high strength, aerospace 

application 

 

 

AA5754 belongs to 5xxx series and is strengthened primarily through solid-solution 

strengthening and strain hardening. 
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2.1.3. Description of the wrought alloy series and delivery conditions 

Wrought aluminum alloys are supplied in different tempers, which describe the mechanical 

and thermal processes that were applied after their initial casting process. The tempers of the 

alloy determine its strength and ductility as well as its performance during forming and 

welding operations. Aluminum alloys have three categories which include O, H and T as 

each signifies a different processing method.(Turbalioglu, Sun and Türen, 2015) 

O-tempers (Annealed condition) 

The O-temper process requires heating the alloy until it reaches a temperature that permits 

full recrystallisation to create a soft ductile microstructure. The material exhibits its weakest 

strength at this state yet achieves its highest ability to be shaped, which makes it appropriate 

for deep drawing and bending operations that need extensive plastic deformation. The 

microstructure of O-temper alloys shows complete recrystallisation, which enables their 

predictable welding behaviour with minimal risk of additional softening in the heat-affected 

zone.(Shi et al., 2016) 

H-tempers (Strain-hardened or Work-hardened) 

H-tempers describe alloys that achieve increased strength through the process of cold 

working. The alloy’s strength is increased through plastic deformation process which 

includes rolling and stretching. Additional numbers, for example H22 and H32 specify the 

degree of cold work and whether the alloy has been partially annealed or stabilized. This 

temper category is important for 5xxx series alloys which include AA5754 because they use 

strain hardening to achieve strength instead of heat treatment. However, H-tempers lose 

strength during welding because the heat-affected zone undergoes recovery and partial 

recrystallization which decreases the dislocation density that cold work introduced 

(Turbalioglu, Sun and Türen, 2015). 

T-tempers (Heat-treated and artificially aged) 

The T-tempers exist as strength classifications for heat-treatable aluminum alloys. They 

require a sequence that includes solution heat treatment followed by quenching and artificial 

ageing to create strengthening precipitates. This temper category is used for alloys such as 

those in the 2xxx, 6xxx and 7xxx series.  
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The AA5754 does not use T-tempers because it lacks precipitation-hardened capabilities, 

but this section includes them because they determine mechanical properties for most 

structural and welding aluminum alloys. T-tempers depend on precipitate existence because 

their welding process can either dissolve or coarsen the strengthening phases.(Ratanathavorn 

and Melander, 2017) 

2.1.4. Description of the AA5754 alloy 

The AA5754 alloy is a non-heat-treatable aluminum-magnesium alloy which belongs to the 

5xxx series because magnesium serves as its main alloying component. The magnesium 

content of this alloy ranges between 2.6% and 3.6% which produces solid-solution 

strengthening because it enables the alloy to achieve outstanding resistance against corrosion 

in marine environments. The mechanical strength of AA5754 can only be enhanced through 

strain hardening and cold-working techniques because the alloy does not gain strength from 

heat treatment like precipitation-hard alloys in the 6xxx and 7xxx series.(Shi et al., 2016) 

AA5754 is mostly supplied in H-tempers such as H111, H22 and H32 which show different 

levels of cold work and stabilization. The tempers of the alloys determine its mechanical 

performance during the process of forming and welding. Strain-hardened tempers tend to 

soften in HAZ during welding because of recovery and partial recrystallisation occur, 

leading to a decrease in strength in localized areas.(Turbalioglu, Sun and Türen, 2015) 

The alloy finds extensive use in applications which require it to deliver moderate strength 

combined with good ductility and exceptional corrosion resistance. The material serves 

common applications which include automotive body panels, pressure vessels, welded 

structures, shipbuilding components and storage tanks. AA5754 demonstrates good 

weldability which makes it suitable for joining processes that include gas metal arc welding, 

gas tungsten arc welding and especially FSW because the process prevents melting to 

maintain its corrosion resistance while reducing defect formation (Ratanathavorn and 

Melander, 2017). 

AA5754 alloy depends on dynamic recrystallization to achieve its microstructural changes 

during friction stir welding because the process does not use precipitate strengthening.  
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The mechanisms create specific grain structures which show distinct differences from the 

grain structures found in heat-treatable alloys thus making AA5754 an essential material for 

investigating solid-state welding properties. 

2.1.5. Use of aluminum and aluminum alloys 

Aluminum and its alloys are widely used across modern engineering sectors due to their low 

density, corrosion resistance, recyclability and favorable mechanical properties. The high 

strength-to-weight ratio of these materials makes them vital for applications which need to 

achieve better energy efficiency through weight reduction. The demand for aluminum alloys 

has increased because materials with lower weight have become necessary for modern 

transportation systems and construction projects and renewable energy facilities (Stojanovic, 

Bukvic and Epler, 2018). 

Aluminum alloys find application in the automotive sector through their use in body panels, 

chassis components, crash structures and heat exchangers. The 5xxx and 6xxx series alloys 

which contain AA5457 are preferred for inner panels and structural reinforcements because 

of their ability to be shaped and welded. The use of aluminum reduces vehicle mass which 

directly results in lower fuel consumption and emissions.(Long, Boettcher and Crawford, 

2017) 

 

Figure 2. Shows an example of aluminum in automotive industry 

 

The marine industry uses aluminum alloys to construct ship hulls, decks and superstructures. 

The 5xxx series alloys which derive their strength from magnesium provide superior 

corrosion protection for seawater environments and protect against stress-corrosion cracking 

which makes AA5754 alloys appropriate for marine application.(Wahid, Siddiquee and 

Khan, 2020) 
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Aerospace applications demand high-strength aluminum alloys from the 2xxx and 7xxx 

series which manufactures use to construct aircraft fuselages wings and structural 

components. The material family demonstrates high versatility because AA5754 alloys 

remain ineligible for aerospace applications. 

Aluminum serves multiple purposes in construction because it gets utilized for window 

frames curtain walls roofing systems and load-bearing structures. The material serves as a 

long-lasting solution because it withstands corrosion and requires minimal upkeep compared 

to steel. 

Packaging industries use aluminum at a high scale in manufacturing beverage cans, foils and 

food containers. Its non-toxic nature together with its barrier properties and recyclability 

makes the material suitable for food preservation while enabling circular economy practices. 

Aluminum packaging enables infinite recycling which maintains almost all material 

properties. 

 

 

Figure 3. Shows use of aluminum in packaging industry 

 

Aluminum alloys, which include AA5754, serve essential functions in multiple industries, 

including transportation and marine engineering and construction and packaging and 

aerospace. The combination resistance and manufacturability makes these materials 

essential for engineers in contemporary engineering work. 
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2.2. Welding process overview 

The welding techniques used for aluminum alloys can be divided into two main categories 

which are fusion welding and solid-state welding.  

The fusion welding methods which include gas metal arc welding and gas tungsten arc 

welding require the base material to be melted whereas solid-state welding uses friction stir 

welding to join materials without reaching their melting temperature. The high thermal 

conductivity of aluminum together with its oxide layer and its tendency to develop porosity 

makes fusion welding processes difficult to execute. The solid-state welding techniques 

solve most of these restrictions because they do not require melting and they help decrease 

defect production. 

2.2.1. Aluminum fusion welding methods 

Fusion welding refers to joining processes which require base material to be melted for 

creating a unified joint. The use of fusion welding for aluminum alloys presents special 

challenges because aluminum has high thermal conductivity and high solidification 

shrinkage and it forms oxide films easily. The characteristics of the materials lead to defects 

which include porosity, hot cracking, distortion and incomplete fusion thus making it 

essential to choose the right fusion welding method for producing strong joints. The different 

fusion welding methods which exist for aluminum alloys provide various benefits and 

drawbacks for their application. 

Gas tungsten arc welding or tungsten inert gas welding stands as one of the most used 

welding techniques because it uses a tungsten electrode that does not wear out and requires 

an inert shielding gas which most often consists of argon or helium. Tungsten inert gas 

welding provides excellent control over heat input and produces high‑quality welds with 

good surface finish, making it suitable for thin aluminum sheets and applications requiring 

precision. The method achieves industrial productivity limits because it has a low deposition 

rate and becomes affected by surface contamination. Gas metal arc welding or metal inert 

gas welding is another common technique, using a continuously fed consumable wire 

electrode.  
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Metal Inert Gas welding provides higher deposition rates which make it better for welding 

thicker materials, but the process creates a higher risk of porosity and needs precise 

management of shielding gas composition and wire feed settings to prevent defects.(Cantin 

and Francis, 2005) 

 

 

Figure 4. Shows how gas tungsten arc welding is done 

 

The field of advanced fusion welding includes two processes which are Laser Beam Welding 

and Electron Beam Welding. LBW provides deep penetration, narrow heat‑affected zones, 

and high welding speeds, making it attractive for automotive and aerospace applications 

where minimal distortion is required. The process becomes difficult because aluminum 

surfaces reflect light and need exact preparation for their connections. 

Electron Beam Welding requires operation in a vacuum space which enables it to produce 

deep welds and high-quality welds, but its specialized design limits its use to particular fields 

because of its expensive equipment and small usable parts. Plasma Arc Welding is another 

option, offering higher energy density than TIG welding and improved penetration, though 

it requires more complex equipment and operator expertise.(Lancaster, 1999; Cantin and 

Francis, 2005) 

Aluminum alloys in the 5xxx and 6xxx series continue to present welding challenges because 

conventional fusion techniques cannot handle their high risk of hot cracking, porosity and 

distortion problems despite the existence of various fusion welding methods.  
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Manufacturers increasingly prefer solid-state processes such as Friction Stir Welding (FSW) 

technology because it enables production without melting, which eliminates major fusion-

related defects.  

The study of microstructural development in friction stir welded aluminum alloys depends 

on understanding the limitations of fusion welding because it helps researchers see the 

benefits of FSW technology (Mishra and Ma, 2005). 

 

2.2.2. Aluminum weldability its problems and defects 

The metal exhibits high thermal conductivity which enables heat to escape from the weld 

area, which requires more energy to create correct fusion between the materials. Aluminum 

needs precise temperature management because its low melting point and high thermal 

expansion coefficient make it vulnerable to distortion and burn-through. The oxide layer 

which exists in aluminum welding creates a major obstacle because the tenacious oxide layer 

(Al2O3) needs to be removed for successful welding because its melting point exceeds that 

of the base metal. Aluminum possesses a strong hydrogen attraction in its molten state which 

leads to hydrogen porosity defects when surface contaminants like moisture or oil or 

hydrocarbons enter the system during solidification. Certain aluminum alloys specifically 

the 2xxx and 7xxx series face increased risk of hot cracking because their specific 

metallurgical properties and solidification methods create this danger. Incomplete fusion, 

underfill and surface contamination problems emerge because of two problems which 

include insufficient cleaning and insufficient shielding gas and the wrong welding settings. 

Strict cleanliness requirements together with specific heat input requirements and joint 

design standards and handle parameters need to be controlled because these factors affect 

aluminum welding results which produce high-quality welds.(Fracchia, Gobber and Rosso, 

2017) 

2.3. Microstructural characterization techniques 

FSW joints need multiple testing methods because weld zones show high level of complexity 

in metallic transformations.  
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The 5754-aluminium alloy in FSW experiences severe plastic deformation together with 

thermal cycling which results in the formation of three distinct areas: the SZ, TMAZ and 

HAZ.  

We use specific microstructural analysis methods to establish precise connections between 

welding conditions and the mechanical strength of the welded joints. The following 

microstructural characterization techniques are employed. 

2.3.1. Optical microscopy 

An optical metallurgical microscope is a light microscope designed for examining polished 

and etched metallic specimens. It uses reflected light rather than transmitted light, which 

allows the observation of opaque materials like aluminum alloys. It also enables 

visualization of grain boundaries, phase distribution, inclusion and deformation patterns or 

stirring patterns, these patterns are important for understanding material behaviour and 

processing effects.(Boccaccini and Hamann, 1999) 

For metallography, we only use optical microscopy on metals after a whole process: cutting 

them up, putting them on a mount, grinding them smooth, polishing them, and then etching 

them. All this is done to really show off their internal structure. This way, we can study how 

big and what shape the tiny grains are, and any other shifts in the metal's internal 

microstructure. 

 

 

Figure 5. Shows a metallographic optical microscope 
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The picture above shows an optical microscope used to analyze the microstructure of the 

sample. The microscope has 3 lenses with different magnifications which helps to view 

different sizes of the samples. 

2.3.2. Scanning microscopy 

The scanning electron microscope works with electron beams to make real-time images from 

the surface of the object. SEM scans the narrower electron beam on the surface of the objects. 

Electrons interact with material atoms and produce signals, mostly secondary electrons that 

convey information about surface topography, morphology, and microstructure. Scanning 

electron microscope can attain a resolution greater than 1 nm which optical microscope 

cannot achieve. 

Scanning microscopes use a focused beam of electrons that scans the specimen; the 

interaction between the beam and the specimen generates a signal. The beam inputs scan 

line-by-line, and the collected secondary and backscattered electron signals are converted to 

an image. The brightness of this image correlates with the intensity of these signals. Due to 

the short wavelengths of electrons, SEM has a much higher resolution than optical 

microscopy and can therefore generate clear images of fine surface features, grain 

boundaries and other microstructure details. The whole process takes place in vacuums so 

that the electrons can travel steadily. Also, electromagnetic lenses do the focusing and 

scanning of the beam. This technique allows one to closely observe the microstructure of an 

AA5754 aluminum alloy after etching so that grain morphology and surface contrast can be 

evaluated along with the different etchants used (Zhou et al., 2006). 

2.4. Friction stir welding 

FSW is a solid-state joining technique in which a non-consumable rotating tool with a 

specially designed pin and shoulder is plunged into the interface of two clamped workpieces 

and traversed along the joint line. The combination of frictional heat and intense plastic 

deformation creates material softness that enables metal to flow around the tool while it 

solidifies into a joint without defects. FSW process operates below melting temperature, 

which helps to avoid common problems that occur during fusion welding, including porosity 

and hot cracking and excessive distortion, making this method especially effective for 
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welding aluminum alloys such as AA5754, which experience solidification defects. In this 

research we use FSW as a method to create butt joints whose microstructure can be studied 

through optical microscopy and SEM analysis of different etchants and welding parameters 

in three zones: stir zone, thermo-mechanically affected zone, and heat-affected zone (Mishra 

and Ma, 2005). 

 

 

Figure 6. Shows an example of friction stir welding 

 

The picture shows how friction stir welding looks like in industries they clamp 2 different 

metals together and then the friction stir weld machine rotates in a certain direction making 

the metals melt but not reach their melting point and then the metals fuse together. 

 

2.4.1. Process principles 

The key concepts associated with friction stir welding are solid state joining where the 

joining is achieved at the temperature below melting point. A tool that is not consumable, 

has a shoulder and a pin, rotates in the joint line of the two workpieces that are held tightly 

at a specified angle and depth. The rotation and traverse of the tool along the interface creates 

frictional heating and intense plastic deformation, which softens the material, giving rise to 

a plasticized zone surrounding the tool. Most of the heat is generated in the shoulder through 

surface friction, while the pin helps with material flow mixing.  
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This softened material is mechanically stirred and compacted behind the tool as applied 

forging pressure is being imposed. Upon cooling, this results in continuous joining. 

The stir zone experiences dynamic recrystallization, resulting in refined equiaxed grains 

(Fukuda, 2001). 

2.4.2. Microstructural of AA5754 welded by friction stir welding 

Due to the frictional heating, severe plastic deformation and solid‑state material flow, the 

microstructure of AA5754 aluminum alloy changes greatly during the process of friction stir 

welding.  

During steady state, high strain and high temperature condition below the tool bits get 

developed tremendous fine grain structure of the SZ and this is further responsible for 

dynamic recrystallization. Circumference of TMAZ is highly deformed but due to lesser 

thermal energy, full recrystallization is not obtained. Therefore, elongated and rotated grains 

can be seen as they hint towards flow that is around the rotating tool. The outer HAZ is only 

exposed to thermal cycles, which causes recovery and partial softening due to the reduction 

of dislocation density in this strain-hardened alloy. The mechanical behaviour of the joint is 

affected profoundly by microstructure differences and HAZ is generally the softest one 

(Mahmoud and Khalifa, 2014). 

 

 

 

 

 

 

 

 

 

 



24 

 

3. Materials and experimental methods 

The material used in this study was AA5754 aluminum alloy, where by two plates of the 

alloy were clamped together then used FSW to weld them. After welding, a small section 

was cut in the middle of the weld and that’s the part we are studying in this research. Then 

a cold mold (Epoxy resin) was used to be to grab the sample. The sample then went through 

the metallographic preparation which included grinding-polishing-etching (Keller’s reagent, 

Barker’s and Weck’s) and the main point was to find out which of these reagents can reveal 

the most clarity of the microstructure of the sample which included (NZ, TMAZ and HAZ). 

To reveal the information the sample was later dipped in the 3 different etching reagents we 

used an optical microscope and the scanning electron microscope to see the information that 

is being produced. 

3.1. Base material and joint configuration 

AA5754 is an alloy in the wrought aluminum-magnesium family (5000 or 5xxx series) 

formed by rolling, extrusion and forging but not casting. This alloy has alternate names and 

designations which include AlMg3 (European Designation) and A95754(UNS number). 

AA5754 is a popular choice of everyday products because of their strength, lightweight, and 

corrosion resistance. In automobiles, you can find aluminum in body panels, fuel tanks and 

interior structural components owing to its good formability and weldability properties.  

This alloy is also used extensively in the marine environment including boat hulls and decks 

in addition to the fishing‑industry equipment because of outstanding resistance against 

seawater. Usage of AA5754 in tread plates, ramps, staircases, and industrial and public floors 

where slip resistance and durability are essential. In addition to that, storage tanks, pressure 

vessels and other general engineering structures; as a result; this alloy finds application in 

both the consumer and industrial goods sectors. 

Table 2. Shows chemical composition of alloy used (Mahmoud and Khalifa, 2014). 

Elements Al Mg Si Mn Fe Cu Zn Others 

Composition 

(weight percent) 

94.2 - 

97.4 

2.6 - 

3.6 

< 0.4 <0.5 <0.4 <0.1 <0.2 <0.15 
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The table shows that Al is the main composition of AA5754 followed by Mg and others. 

3.2. Friction stir welding process parameters 

FSW of AA5754 depends on process parameters that directly affect heat generation, material 

flow and consequently the microstructure. In FSW of AA5754, tool rotational speed is 

usually in the range of 1000–1300 rpm to get higher speeds which increases frictional heat 

and helps softening material. For instance, 1300 rpm and 70 mm/min was reported to provide 

high quality welds with enhanced mechanical performance for AA5754 joints. Previous 

studies on AA5754‑H24 were fixed at a rotational speed of 600 rpm with welding velocities 

ranging from 100 to 500 mm/min, proving that low traverse speeds (e.g., 100 mm/min) 

produce enough heat for dynamic recrystallization and fine grain development in the nugget 

zone. Therefore, plunge depth is usually adjusted to achieve complete shoulder contact 

around 0.2–0.3 mm.(Bevilacqua et al., 2017) 

3.3. Sample preparation 

Two AA5754 parts were welded by FSW. Then after that a small sample was cut from the 

weld to be examined. The first step was mounting; pieces were cut and assembled. This was 

followed by a stage of grinding the sample using grinding machine the sample was placed 

on the machine, and we used sandpaper to grind it to give a smooth surface. Firstly, we begin 

with using a sandpaper that is size 500 then we grind it for 10 seconds then we change the 

sandpaper to a smaller size sandpaper which is 1000 and smoother we do the grinding for 10 

seconds again then finally we use the smoothest sandpaper which is 2000 size. The rotation 

speed of the sandpaper grinding disk was 120rpm and the rotation speed of sample holder 

was 100 rpm meaning they were both moving to scrap off the surface of the sample the 

whole process was carried on for 10 seconds on each sandpaper and then replaced with a 

smoother version. After every grind the sample was washed to remove residuals. 

After the grinding part was done polishing started sandpaper was replaced with a polishing 

cloth, the polishing is almost as grinding because the same machine is used but instead of 

sandpaper it a polishing cloth 𝑆𝑖𝑂3 is added on the polishing cloth to make it smoother the 

aim is to get a mirror surface in silicon dioxide contained in it 3µm size particles. 
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Then it was poured on the polishing cloth to help in the process. The process of polishing 

took approximately 4-5 minutes then the sample was washed looking like a mirror. 

After polishing, the main part of this research was carried out by the etching process. Three 

different etching reagents were used barker’s, Keller’s and Weck’s these are the reagents 

that are tested to reveal which of them shows the best clarity of the sample and the 

information we are looking for is the SZ, TMAZ and HAZ which of them can show those 

zones and grain boundaries the best. So, after polishing the sample was dipped in every 

reagent starting with Keller’s then analyzed on the optical microscope producing a picture 

which was used to analyze the grain boundaries and stirring patterns this was done on all the 

3 reagents to show which one reveals most of the information. 

 

Table 3. Chemical composition of etching reagents used (Mahmoud and Khalifa, 2014). 

Reagents Composition Etching Parameters 

Keller’s 
Reagent 

-2.5mL HNO3 

-1.5mL HCL 
-1.0mL HF 

-95mL H2O (Distilled 

water) 

Type: Immersion etch  

Time: 10-30s 

Purpose: Reveals grain boundaries and general 

microstructure 

Barker’s 
Reagent 

-5 to 10mL HBF4 

-90 to 95mL H2O 

Type: Electrolytic etch  

Voltage: 15-25 V DC  

Current: Typically, 0.5-1.5 A  

Time: 60-120s 

Purpose: Produces anodic film for polarized- 
light grain structure imaging 

Weck’s 
Reagent 

-4g KMnO4 

-100mL NaOH 
-Distilled water 

Type: Immersion etch Time: 10-30s 

Purpose: Reveals  grain  boundaries. 

 

The reagents used in the research have different compositions which help to reveal the 

microstructures of the sample. Two of them are immersion types and one is electrolytic etch. 

3.4. Microstructural characterization methods 

Microstructural characterization methods are the key to understanding how friction stir 

welding alters the internal structure of AA5754 aluminum alloy. Welded samples were 

analysed in this study using an optical microscopy focusing on the grain morphology, 

deformation patterns; as well as the different weld zones. 
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The general grain structure after standard metallographic preparation and etching was 

documented by optical microscopy, which allowed for identifying the SZ, TMAZ and HAZ. 

3.4.1. Optical microscopy procedure 

Optical microscopy procedure was performed to investigate the general grain structure and 

weld regions of the AA5754 friction stir welded samples. Specimens were shown under a 

reflected-light optical microscope at 50×, 100×, 200× and 400× magnification after standard 

metallographic preparation followed by etching. Larger magnifications (50× and 100×) were 

used to identify the general welding morphology as well as the limits of SZ, TMAZ, HAZ. 

Detailed assessment of grain refinement, deformation type and etching behaviour was 

performed at higher magnifications (200× and 400×) for each sample after being etched. 
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4. Results and discussions 

This section presents microstructure images obtained from optical microscope and electron 

scanning microscope explaining what they mean and how they show microstructure features 

and grain boundaries. 

4.1. Macrostructural features of the weld joint 

These are the pictures that were taken on the lowest magnification which was 50x. 

 

Figure 7. Shows how the sample looks after etched in Weck’s reagent 

 

Weck’s reagent; the images above are from optical microscope after the sample was dipped 

in the Weck’s reagent and the magnification used was 50x from the images above nothing 

can be seen as a change this is how the sample looked like before being etched in Weck’s 

reagent, but this is from the lowest magnification. 

 

 

Figure 8. Shows sample after being etched in Keller’s reagent 
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Keller’s reagent; the image above shows the sample after being etched with Keller’s reagent 

and viewed at a magnification of 50x from the picture above some stirring patterns can be 

seen and the SZ can be identified the line in the middle but not much information can be 

observed. 

 

Figure 9. Shows sample after being etched in Barker’s reagent 

 

Barker’s reagent; from the picture above grain boundaries can be identified more clearly 

than other reagents although not very good because of low magnification. The grains can be 

seen, and the stirring patterns can be seen too. 

4.2. Optical microscopy results 

The results that were obtained from the optical microscope show that barker’s reagent shows 

more clearly the grain boundaries and the welding zones. 

 

Figure 10. Shows sample after being etched in Weck’s reagent at 100x magnification 

 

From the above figure we can’t really differentiate between SZ, TMAZ and HAZ, meaning 

Weck’s reagent could not show enough information about the microstructure of AA5754. 

But the stirring patterns can be observed as marked in figure. 

Stirring patterns 
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Figure 11. Shows sample after being etched in Keller’s reagent at 100x magnification 

 

Figure 12. Shows sample after being etched in Keller’s reagent at magnification 200x 

 

Keller’s reagent; from the above pictures we can identify the welding zones and observe the 

stirring patterns, but the grain boundaries are not visible enough. From the picture we can 

identify TMAZ, NZ and HAZ as marked. 

 

Figure 13. Shows sample after being etched in Barker’s reagent at 100x magnification 
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Figure 14. Shows sample after being etched in Barker’s reagent at 200x magnification 

 

Barker’s reagent; from the figures above barker’s reagent was able to show clearly more 

than any other reagents the grain boundaries and the welding zones comparing all the 3 

reagents as shown. How to identify the weld zones in SZ the grains are very small because 

it’s the center of the weld followed by the TMAZ where the grains are stretched forming 

onion rings but still not very big and lastly HAZ where the grains are big because the heat 

did not affect that part the most and is close to the base metal. 

4.3. Scanning electron microscopy results 

Scanning electron microscope helps to reveal the microstructure at a high resolution and 

magnification which allows to identify more information on the etched samples below are 

the pictures that were obtained from the microscope they help to identify more information 

on the samples. 

 

Figure 15. Shows sample after being etched in Weck’s reagent at 400x magnification 
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Weck’s reagent; from the figure above, we can observe some pores but can’t really tell where 

the welding zones are located, some stirring patterns can be observed too. 

 

Figure 16. Shows sample after being etched in Keller’s reagent at 400x magnification 

 

The picture above shows sample after being etched in Keller’s reagent at a high 

magnification. The weld zones can be observed TMAZ, SZ and HAZ Keller’s reagent can 

show some details about the zones, but you can’t identify them easily as barker’s reagent. 

 

 

Figure 17. Shows sample after being etched in Barker’s reagent at 400x magnification 

 

From the picture above welding zones can be observed alongside grain boundaries in SZ the 

grains are small because it is the center of the weld followed by the TMAZ where the grains 

are stretched tending to come closer to the SZ and the HAZ the grains aren’t much affected, 

so they don’t squeeze they are still big. From the above images the image that can identify 

clearly weld zones and grain boundaries is barker’s reagent as seen above. 
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4.4. Comparison with existing literature 

The research results from this study confirm previous findings about the metallographic 

etching process of aluminum alloys and its impact on the microstructural examination of 

friction stir welded materials. The research showed that Barker's reagent produces better 

results than other etchants according to previous studies which showed that Barker's reagent 

is the best etchant for showing grain direction and recrystallized patterns and deformation 

structures in wrought aluminum alloys under polarized light (Vander Voort and Manilova) 

describe Barker’s reagent as particularly suitable for producing strong color contrast and 

exposing grain structure in alloys such as AA5xxx and AA6xxx, supporting the present 

observation that it provides the clearest distinction between the NZ, TMAZ, and HAZ. 

The performance of Keller’s reagent also corresponds to the study that was conducted by 

(Vander Voort and Manilova). Keller’s is widely used as a general-purpose etchant for 

aluminum but produces lower contrast and less detailed grain boundaries compared to 

electrolytic color etching. This matches what they conducted. It shows some features but 

lacked clarity for precise zone differentiation. 

The research shows that Weck’s reagent provided the least information is supported by 

metallographic literature which notes that Weck’s reagent shows reduced effectiveness with 

wrought aluminum alloys while the method fails to create strong grain orientation contrast. 

The study found limited visibility because this result matched the known restrictions of 

Weck's reagent. 

As a comparison, the welding process evaluation shows that friction stir welding delivers 

higher safety, strength and lower environmental impact when compared to fusion welding 

which supports existing research about friction stir welding. The studies show that FSW 

creates a cleaner and more sustainable aluminum alloy joining method because it produces 

no molten metal and prevents defects while eliminating the requirement for shielding gases 

and filler materials identify FSW as an environmental solution which functions as both a 

sustainable welding method and an eco-friendly welding process. The study demonstrates 

clear observation of the NZ, TMAZ and HAZ areas which match existing research showing 

that AA5754 microstructure studies show refined equiaxed grains in the stir area while 

surrounding regions display gradually deformed or thermally altered grains. These 

microstructural findings about AA5754 FSW studies match existing study.(Lin et al., 2019) 
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5. Conclusion 

This research achieved its objective of evaluating the effectiveness of different 

metallographic etchants on the microstructure of friction stir welded AA5754. Significant 

variations were found in the response of the microstructure to different etching solutions, 

with the most detailed and complete microstructure being obtained with Barker’s reagent. 

Barker’s reagent, as an electrolytic colour etchant, produces high contrast between grains 

that reveals the fine details of grain orientation, recrystallized regions, and deformation in 

the sample under polarized light. Such a high degree of contrast permitted a sharp distinction 

among the NZ, TMAZ, and HAZ, which are one of the principal objectives in 

microstructural studies. 

By comparison, Keller's reagent showed moderate contrast (general grain structure but very 

little depth), and was thus somewhat useful, though not effective for detailed interpretation.  

The least information was given by Weck′s reagent, where the visibility of grain boundaries 

and weld‑zone transitions were very limited. The results in this research follow conclusion 

from earlier metallographic research works for aluminum alloys which even show Barker’s 

reagent is better suited to reveal the recrystallized grains and orientation contrast. Yet this 

study goes a step further by directly comparing the three etchants at the same FSW 

conditions for AA5754, providing guidance for selecting the most effective etchant for 

aluminum alloy characterization. 

The research provides new insights about solid-state welding microstructure evolution which 

can be used to develop industrial quality control methods and metallographic preparation 

standards. 

The societal relevance of this work exists because it can be used in automotive marine and 

transportation industries which use AA5754 for making lightweight corrosion-resistant 

structures. Better understanding of microstructural characterization helps develop stronger 

welds which improve safety and create environmentally friendly manufacturing methods. 
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The research presents valuable findings to science but contains certain restrictions. The 

research only studied microstructural characteristics without conducting mechanical testing 

which included hardness testing and tensile strength assessment and fatigue performance 

evaluation. The study examined how three etching reagents reveal microstructure of 

AA5754. Future research should include material strength and mechanical properties this 

will help to compare microstructure and processing conditions alongside with weld hardness 

how they all interact together. 
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Appendix 1. Materials and methods 

This thesis studies the microstructure of the 5754-aluminum alloy which was welded through 

the friction stir welding (FSW) method. The research started with a review of scientific 

literature which examined aluminum metallurgy FSW principles and metallographic etching 

techniques. Information was gathered mainly from Scopus ScienceDirect Google Scholar 

and LUT Primo. Keywords which included "friction stir welding" "5754 aluminum alloy" 

"metallographic etching" "Keller's reagent" "Barker's reagent" "Weck's reagent" "weld zone 

microstructure" and "grain boundary". They were then combined to these keywords with 

specific terms "nugget zone" "TMAZ"" "HAZ" "optical microscopy” and "electron scanning 

microscopy” to find studies which describe weld zone interpretation. I preferred to use 

publications from the last 10 to 20 years because this period showed current knowledge 

about FSW microstructural analysis but also used old foundational metallography sources 

when I needed to explain etching mechanisms and reagent behavior. Two AA5754 

aluminum alloy plates were welded through controlled FSW parameters to create 

experimental material. Samples were cut in the weld areas and that’s the samples that were 

used to investigate the microstructure of AA5754 aluminum alloy. Standard metallographic 

preparation steps were followed which included grinding and polishing to create a mirror-

like surface which was used for etching. Three etching reagents were selected which 

included Keller's reagent and Barker's reagent and Weck's reagent because these three 

reagents’ scientists use them for aluminum alloy microstructure research. Each reagent was 

applied to different samples to test its capability of showing the main weld zones which 

include the nugget zone and thermo-mechanically affected zone and heat-affected zone and 

the stirring patterns alongside with grain boundaries. The samples were assessed for contrast 

quality, grain boundary visibility, and clarity of material flow patterns. Optical microscope 

and electron scanning microscope were used to document microstructural features which 

each etchant produced, and the findings were compared to determine which reagent offered 

the best welding structure analysis. 

All references listed were used to find different information about this research and helped 

to conclude.  


