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Abstract 

In recent times, aluminum alloys have been widely used in different industrial sectors, including 

transportation, packaging, electrical, etc. Due to their lightweight and high specific strength and 

modulus, they are highly favored in the aerospace and automobile industries. Over the years, 

aluminum alloys have been produced in different grades (1000,2000, …, 8000) due to the high 

demand for newer alloys with better properties. This thesis focuses on deformation and damage 

mechanisms in AA2017, AA2024, and AA2624 aluminum alloys under high strain rate torsional 

loading. 

The mechanical response of the as-received aluminum alloys under high strain-rate torsional 

loading using torsional split Hopkinson bar was investigated. Cylindrical test specimens were 

subjected to high strain-rate torsional loading using angles of twist (ϕ) of 4°, 8° and 12°. Heat 

treatment processes were conducted on two sets of naturally aged specimens to obtain T651 and 

O temper condition. The effect of temper conditions on the microstructural evolution in the 

investigated alloys was investigated. Optical and scanning electron microscopy techniques were 

used to observe the morphology or composition of the second phase particles, grain structure, and 

crystallographic texture of the investigated alloys before and after rapid torsional deformation. 

Results from this study showed that the strength and ductility of the investigated alloys are 

dependent on the temper condition. Increasing the angle of twist resulted in the generation of 

higher strains and strain rates in the alloys for all temper conditions. Al-Cu-Mg alloys (AA2024, 

AA2624) have higher peak flow stress in the artificially aged condition than Al-Cu alloy 

(AA2017). The annealed specimens showed lower peak flow stress and higher ductility than their 

age-hardened counterparts. Artificial aging of AA2024 alloy led to lower plasticity and failure at 

lower stress levels than the naturally aged AA2024 alloy. In the naturally aged condition, AA2024 

and AA2624 alloys exhibit the highest, and the lowest strength, respectively. Fractography of the 

AA2024-T651 specimen revealed a fracture mode that exhibits ductile features. Micrographs of 

the investigated alloys after torsional loading did not indicate heterogeneous deformation leading 

to strain localization and the development of adiabatic shear bands. 
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CHAPTER 1  

 INTRODUCTION 

1.1 Overview  

For several decades, the use of lightweight metals has been popular in the aerospace and 

automobile industries, where high-strength and high-damage tolerance and lightweight are 

essential. Aluminum-based alloys are just one of the examples of these popular metals due to their 

special characteristics. Aluminum alloys are produced in different grades (1000, 2000, 3000, 4000, 

5000, 6000, 7000, and 8000) by adding a specific amount of various major and minor alloying 

elements [1]. The emergence of different new alloys in each series has resulted from the demand 

for improvement in the mechanical, physical, and other properties of existing aluminum alloys [2]. 

The designations of aluminum alloys include the temper condition which is indicated by a letter 

and a number (e.g., AA2024-T3). The letter could be F for as fabricated alloy, H for strain hardened 

alloys and T for heat treated alloys. Therefore, tempered condition provide information on the 

mechanical and thermal processing conditions that contribute to different properties in the 

aluminum alloys [3]. One of the most commonly used processes for strengthening aluminum alloys 

is precipitation hardening. This heat treatment process leads to the generation of fine precipitates 

in aluminum alloys, which pin down the dislocations and hinder their motion, making the alloy 

stronger and harder [4]. In this thesis, the effect of precipitation hardening in three different temper 

conditions of natural aging (T351/T451), artificial aging (T651), and O (annealing) are 

investigated. For an alloy to be age hardenable, some conditions must be met. There should be a 

significant solubility of solute atoms in the solvent, and the limit of solubility should reduce if the 

temperature decreases. Finally, the precipitate-matrix interface should be coherent. Only some of 

the aluminum alloy grades are heat-treatable (e.g., 2000, 6000, 7000, and some of the 8000 series), 

and the remaining grades (e.g., 1000, 3000, 4000, and 5000 grades) are not heat-treatable and are 

usually strengthened by cold working. 
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1.2 Motivation  

Aluminum alloys are utilized in different parts of the moving structures like wings, fittings, gears, 

shafts, etc. Therefore, these alloys can be exposed to different types of loading while they are in 

service. High strain-rate loading is an example of such loadings that can cause premature failure. 

For instance, in an airplane, a collision of flying debris or a bird with an aircraft is an example of high 

strain-rate loading.  Rotating machine axels or driving shafts can also experience high strain-rate 

torsional loading. These loadings can lead to catastrophic failure. Extensive research on most 

commercial aluminum alloys under static and dynamic impact loading conditions has been carried 

out. However, little research has been done on the torsional behavior of most aluminum alloys at 

high strain rates. To fill this knowledge gap, it is crucial to understand the deformation of these 

alloys and failure mechanism under high strain-rate loading in pure shear, i.e., torsion. Furthermore, 

with the acquired microstructural and mechanical data, it will be possible to simulate the response of 

the alloy to high strain-rate torsional loading. This data can also be used for microstructure design to 

further improve aluminum alloys against failure under high strain-rate torsional loading.  

Some studies have been previously carried out on AA2017, AA2024, and AA2624 aluminum 

alloys at the University of Saskatchewan. This has been only conducted under compressive loading 

at high strain rates. In one of these studies, the effects of temper conditions on the adiabatic shear 

failure of AA2024 aluminum alloy under dynamic impact loading was investigated [5]. In this 

research, the AA2024 samples in naturally and artificially aged conditions were subjected to quasi-

static compressive loading and high strain-rate dynamic impact loading. Failure was observed to 

start with shear strain localization leading to the formation of adiabatic shear bands (ASBs).  

Cracks and fractures occurred along these ASBs. The tendency for the formation of the ASBs in 

the naturally aged conditions was reported to be greater than for alloy samples in artificially aged 

conditions.  

In another research at the University of Saskatchewan, AA2017 aluminum alloys in T451, T651, 

and O temper conditions were subjected to quasi-static compressive loading and dynamic impact 

loading, and the effect of temper conditions and strain rates were investigated [6]. The result 

indicated homogenous deformation under quasi-static loading with crack initiation at the edge of 

the cylindrical specimen, and their radial propagation into the specimen. At high strain rates, 
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thermal softening occurred, resulting in mechanical instability that caused the alloy's strain 

localization and adiabatic shear failure. The amount of strain-softening that occurred in the 

specimen with O temper condition was reported to be greater than those of specimens in T451 and 

T651 temper conditions.  

The crash-worthiness of AA2624-T351 aluminum alloy was estimated by subjecting it to dynamic 

impact loading along the normal and rolling direction at the University of Saskatchewan [7]. It 

was observed that the samples subjected to load in the normal direction exhibited higher dynamic 

impact strength than those samples subjected to loading along the rolling direction. Also, it was 

concluded that that the dynamic mechanical strength and crash-worthiness are higher for AA2624- 

T351 aluminum alloys than for AA2024- T351 aluminum alloys. 

These are only some examples of those numerous studies conducted on the behavior of the 2000 

aluminum alloys under high strain rate and quasi-static loading. These studies demonstrate the 

importance of the temper conditions on the response aluminum alloys under various loading 

conditions. In the current study, the deformation and damage behavior of three aluminum alloys of 

AA2017, AA2024, and AA2624 in naturally aged, artificially aged, and annealing temper conditions 

under high strain rate torsional loading were investigated and discussed. 

1.3 Research objectives 

The major goal of this research was to investigate the deformation and behavior mechanisms in 

the selected 2000 series (AA2017, AA2024, and AA2624) aluminum alloys under high strain rate 

torsional loading. To achieve this main research goal, the following specific objectives will be 

realized: 

1. Determine the effect of temper conditions on the torsional behavior of AA2017, AA2024, 

and AA2624 aluminum alloys during the high strain-rate loading in torsion.  

2. Investigate the microstructural evolution in the selected alloys under high strain-rate 

loading in torsion. 

3. Identify the failure mechanisms in the alloys at high strain rates in torsion. 
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1.4 Thesis arrangement   

Chapter one of this thesis consists of the introduction, motivation, and objectives to provide an 

overview of the research topic and the expected outcomes.  Chapter two contains a literature review 

and the results of previous studies similar to the research topic, as reported by other researchers. 

Chapter three includes detailed information about the material used in this study and the 

methodology used to realize research objectives. The experimental and test results are provided 

and discussed in detail in Chapter four. These include the results of mechanical tests and 

microstructural investigations of the alloys before and after high strain-rate torsional loading. 

Chapter five contains a summary of this work and the key conclusions that are drawn from research 

findings obtained in this study. Recommendations for future work are also provided in Chapter 5.  
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CHAPTER 2  

 LITERATURE REVIEW 

2.1 Aluminum 

Aluminum can be considered one of the most important nonferrous metals due to its unique 

properties, including good workability, lightweight, high stiffness, thermal and electrical 

conductivity, and corrosion resistance. These properties have broadened the usage of aluminum in 

different industrial sectors as transportation, packaging, electrical application, mechanical 

equipment, and construction. Aluminum can be fabricated using different techniques. It can be 

cast, forged, or rolled to any desired thickness down to very thin foil or sheet. These sheets can be 

stamped, spun, drawn. Aluminum has a density of 2.70 g/cm3 which is about three times lower 

than that of steel (7.83 g/cm3). It means that for an equivalent volume, steel is three times heavier 

than aluminum. The combination of lightweight and good strength of some aluminum alloys 

makes aluminum very popular for aerospace and automotive application in which a strong light 

structure is an asset [3][8]. 

However, aluminum alloys have noticeable disadvantages compared to steel in different aspects. 

Aluminum alloys are at a significant cost disadvantage as the cost per kilo of aluminum is four to 

five times higher than that of carbon steel. From an engineering viewpoint, the modulus of 

elasticity of aluminum is about three times lower than that of steel. However, it should be noted 

that there has been significant improvement in the modulus of elasticity of aluminum alloys 

compared to pure aluminum. Also, fatigue, wear, and creep properties are relatively poor compared 

to steel or other structural metals [8]. 

Pure aluminum is soft and ductile, and it does not have an excellent strength to be utilized for its 

mechanical properties; rather, it is mostly used for its physical properties. Combining with alloying 

elements, heat treatment, and cold working provide aluminum alloys with good mechanical 

properties for structural applications [8]. 
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In aluminum, oxidation does not occur the same way as in steel. When aluminum reacts with 

oxygen, it forms a very thin layer of aluminum oxide that resists further oxidation and serves as a 

corrosion-resistance barrier. This thin layer adheres strongly to the metal and has a color similar 

to pure aluminum and cannot be seen with naked eye. In steel, however, the oxidized layer of steel 

flakes off, and oxidation of steel exposed to an oxygen-containing atmosphere will proceed 

unabated [8]. 

The addition of different alloying elements influences the mechanical properties of a metal, such 

as hardness, ductility, corrosion resistance, ability to be heat-treated, etc. Depending on the 

situation and the demand for a specific mechanical property, a different proportion of these 

alloying elements can be added to the aluminum base metal. The vast range of mechanical 

properties makes the higher cost of aluminum alloys, compared to pure aluminum, more 

reasonable [3] [8]. 

2.2 Aluminum alloys classification 

Aluminum alloys are mainly divided into two major groups based on fabrication methods. 

Wrought alloy is a term given to those alloys which are shaped by mechanical forming such as 

rolling, extrusion, and drawing, which can be followed by machining for complex geometries 

[3][9]. These alloys are rolled, forged, or extruded from an ingot or billet [9]. On the other hand, 

cast aluminum alloys are a term given to those alloys that are shaped by casting rather than 

mechanical forming. They usually have low melting points and high fluidity. Cast aluminum alloys 

are not used for products that need further processing, such as machining or forming. They acquire 

their shapes by solidifying in a mold cavity having the desired shape and geometry [3][9]. 

As the properties of wrought and cast aluminum alloys are noticeably different, the processes 

needed to achieve those properties are also different. Furthermore, these two groups have their 

classification system, and the alloys are divided into families for simplification. This literature 

review will focus on only wrought aluminum alloys since the wrought alloys are investigated in 

this graduate research study. 
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2.2.1 Wrought composition families  

Depending on the alloying addition, aluminum alloys are classified into 1xxx, 2xxx, 3xxx, 4xxx, 

5xxx, 6xxx, 7xxx, and 8xxx family series. The 1xxx series consists of pure aluminum with no alloy 

addition. They contain only minor amounts of impurities which are sometimes removed for some 

special applications. This family of aluminum cannot be heat treated but can be strengthened 

slightly by strain hardening [3]. Unique characteristics for these alloys are high electrical and 

thermal conductivity, good workability, and excellent corrosion resistance in many environments 

[8]. 

The main alloying element in the 2xxx series aluminum alloys is copper, whose content can range 

between 1 and 10 wt%. Magnesium is sometimes added to these alloys as the secondary alloy 

addition. Copper provides high strength to this family of alloys if it is heat-treated and aged 

hardened. Mechanical properties of these alloys after solution heat treatment are often similar to 

low-carbon steel [8]. These alloys, after heat treatment, have higher yield strength, lower 

elongation to fracture, and lower atmospheric corrosion resistance than the pure aluminum (1xxx) 

and non-heat-treatable alloys. The 2xxx series alloy can be liable to intergranular corrosion. Hence, 

the alloys are usually coated with high purity aluminum or aluminum-magnesium-silicon alloy 

from the 6xxx series to protect them from corrosion [8].  

The base alloying element in the 3xxx series aluminum alloys is manganese. These alloys are not 

heat treatable, and they do not have a high strength even when they are work hardened. However, 

they have excellent formability, ductility, and corrosion resistance. However, the strengths of 3xxx 

aluminum alloys are about 20% higher than that of pure aluminum. The optimum percentage of 

manganese as a major element in these series is up to 1.2%, and it is not widely used in alloys as 

a major alloying element for aluminum. However, it is commonly used in other series as a 

secondary alloying element to increase strength [8]. 

Silicon is the main alloying element in these 4xxx series aluminum alloy. Silicon can be efficiently 

added to the alloys up to 12%. Depending on the percentage of silicon and other secondary alloying 

constituents, these alloys can be both heat-treatable and non-heat-treatable. If there is a high 

percentage of silicon and a lower percentage of other alloying elements, the alloy tends to have 
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better flow and surface finish characteristics. Those alloys with a substantial portion of magnesium 

and copper besides silicon can gain a remarkable strength by age hardening [8][9]. A high 

percentage of silicon in alloys lowers the melting point, making the alloy suitable for the wire 

welding process and as brazing alloy for joining aluminum where the brazing alloy is required to 

have a lower melting point than the base alloy. This family of alloys doesn't have a good resistance 

against atmospheric corrosion, and they tend to change color with time on exposure to a humid 

environment [8]. 

The 5xxx series aluminum alloys are based on magnesium. They are not heat-treatable and can 

only be strengthened by work hardening. Magnesium addition gives aluminum alloys in this series 

excellent toughness, especially when manganese is added as a secondary alloying element. The 

alloys have good welding characteristics and excellent resistance against seawater corrosion, 

making them ideal materials for use in marine environments. The amount of magnesium in these 

alloys should not exceed 3% if they are to be used in temperatures higher than 65 °C where they 

become susceptible to stress- corrosion cracking [8]. 

The 6xxx series of aluminum alloys are based on magnesium and silicon as the principal alloying 

elements. Magnesium silicide (𝑀𝑔2𝑆𝑖) forms in these alloys, which makes them well heat 

treatable. Alloys in this series possess good corrosion resistance, formability, and machinability. 

As a result, they are widely used for producing complex shapes via the extrusion process. However, 

the forming process should be done soon after quenching as this series of alloys will age naturally 

right after solution heat treatment. After solution heat treatment, this family of aluminum alloys is 

formed to T4 temper condition, and it can be strengthened by further precipitation heat treatment 

to develop T6 temper [8]. 

The main alloying element in 7xxx aluminum alloys is zinc, whose content can range between 1 

and 8 percent. These alloys are usually combined with a small amount of copper and magnesium 

that make the alloys heat-treatable and achieve good strength. The higher strength alloys in this 

series have the highest strength of all commercial aluminum alloys [10]. However, these alloys 

with higher strength have lower stress corrosion cracking and atmosphere corrosion resistance than 

those with less strength. These alloys are often slightly overaged to achieve a good combination 

of strength, corrosion resistance, and fracture toughness [8]. 
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This 8xxx family of aluminum alloys is produced in various chemical compositions of less 

frequently used major alloying elements, and their characteristics depend on the major alloying 

element [3]. For instance, in alloys that contain lithium (e.g., AA8090), lower density and higher 

stiffness can be obtained. Dispersion-strengthened AL-Fe-Ce alloys (e.g., AA8019), have 

excellent elevated-temperature strength [8]. 

2.3 Precipitation hardening of 2000 series aluminum alloys 

Precipitation hardening is the most common method for strengthening 2000 series aluminum 

alloys. This process is done by homogenizing the alloy at a specific temperature between solidus 

and solvus and quenching to room temperature to obtain a supersaturated solid solution. This 

process, called solution heat treatment, is followed by the precipitation heat-treatment process. The 

supersaturated solid solution is heated to an elevated temperature within the α + β phase region. 

At this temperature, precipitates of the second phase will begin to form as finely dispersed 

particles. These particles impede the dislocation motion and result in strengthening the alloy. In 

the process of aging, the strength of the alloy will increase gradually with time until it reaches a 

peak called peak hardness, and then it will decrease subsequently with a further increase in aging 

time. This process is also called age hardening as the strength increases with time. 

Commercial 2000 series aluminum alloys contain Cu and Mg as the major elements with the 

addition of minor alloying elements like Si, Zn, Mn, etc. As the concentration of these major and 

minor elements changes, the characteristics of the alloy and properties will differ [11][1]. 

Depending on the percentage of major elements, the compositions of the 2000 series aluminum 

alloys can be in the forms of Al-Cu or Al-Cu-Mg. The concentrations of major and minor elements 

in these two forms are different, and as a result, these alloys may lie within different phase fields. 

Figure 2.1 shows the possible phase fields that would exist during the aging process of the 2000 

series aluminum alloys. 
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Figure 2.1. Aluminum-rich corner of Al-Cu-Mg phase diagram which indicates the phase-field as 

a function of composition 190 °C and 500 °C [12]. 

The phase fields (α + 𝜃) or (α + 𝜃 + S) could be related to the aged Al-Cu alloys, while  (α + S), 

(α + S + T) or (α + T) phase fields could be related to Al-Cu-Mg alloys [1]. The compositions of 

these phases are discussed in subsequent sections. AA2024 aluminum alloy, for example, is in α 

+ S phase-field which is widely used in airplane wing and fuselage outer skin material [11]. 

Precipitation in these alloys starts from the formation of metastable precipitates, which are 

mentioned as GP zones, and subsequently, replacement of the GP zones with 𝜃′′ and 𝜃′ phases, 

which is the structural cause of hardening, to more stable precipitates [13][14]. 

2.3.1 Al-Cu alloys 

Al-Cu alloys are the most studied alloy systems among the 2000 series. This alloy is widely used 

in structural components of engine pistons in the automotive and aerospace industry. Although the 

alloy comprises of only two elements, the microstructural evolution is complicated. The sequence 

of the precipitation depends on the degree of supersaturation and aging temperature [13]. Different 

authors represent the sequence of the precipitation in Al-Cu aluminum alloys as: 

Supersaturated solid solution (SSS) → GP I zones → 𝜃′′ → 𝜃′ → 𝜃                                                   (2.1) 

where SSS stands for the supersaturated solid solution which is obtained from the solution heat 

treatment, GP is an abbreviation for Guiner and Preston [15], who first observed these precipitates 



11 

 

by X-ray scattering in 1938 [14], 𝜃′′ ( also known as GP II) is 𝐴𝑙3𝐶𝑢, 𝜃′ is 𝐴𝑙2𝐶𝑢, and 𝜃 is 𝐴𝑙2𝐶𝑢 

among which 𝜃′′ and 𝜃′ are both metastable phases and 𝜃 is stable phase [13]. These GP zones are 

said to appear in different morphologies (needle, platelet, sphere) depending on the atomic size of 

the solute and solvent elements. The first original model implemented by Guiner and Preston 

showed GP zones as Cu-rich platelets coherent with {100} aluminum matrix atomic planes. Due 

to the smaller size of copper atoms compared to the aluminum atoms (rAl = 0.143nm, rCu =

0.128nm), the GP zones' matrix planes collapse towards the Cu layers [14]. 

Although GP zones have been known for more than 70 years, there is still no definite conclusion 

on their formation, structure, evolution, and chemical composition due to the size of these 

precipitates, which are typically tens of nanometers small. Furthermore, different models for GP 

zones have been proposed. A study conducted by Gerold [16] describes GP I zones as single-

layered platelets of Cu surrounded by an elastic distortion field, and this theory was accepted for 

a long time. However, this was followed by so many researches that focused on the morphology, 

surrounding strain field, and percentage of Cu of GP I zones that contained contradictory results 

[14]. A study conducted by Matsubara and Cohen [17], Gerold and Bubeck [18], and Auvray et 

al. [19] show 100% Cu atoms in the GP 1 zones. The study proposed by Fontaine et al. [20] 

suggests 50% of Cu and 50% of Al. Also, smaller content of Cu of Cu-rich planes (between 25% 

and 45%) was observed by Höno et al. [21]. Fujita and Lu [18] also declared new results that 

suggest that before the formation of GP I zones, three-dimensional clusters named "GP pre-zones" 

have been observed. These GP pre-zones are composed of several Cu-rich planes separated by the 

matrix planes, and they can evolve to GP I stage or directly to 𝜃′′ stage. Figure 2.2 shows the 

aluminum-rich side of the phase diagram of the Al-Cu alloys, which shows the solvus boundaries 

of GP zones 𝜃′′, 𝜃′, and 𝜃. 
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Figure 2.2. Aluminum-rich corner of Al-Cu phase diagram which indicates the metastable solvus 

boundaries of the GP zones 𝜃′′, 𝜃′, and 𝜃 [13]. Note: the [20] and [21] references come with the 

figure. 

Complete precipitation sequence occurs when the alloy is aged at a temperature below the GP 

zones solvus [13][22]. In these alloys, as the aging temperature increases and exceeds the GP zones 

solvus line, for a specific mol fraction of Cu, the phase 𝜃′′ starts to precipitate instead of GP zones. 

In the aging process of Al-Cu alloys, the size of the precipitates continuously grows until the 

equilibrium volume fraction of second-phase particles is reached. Furthermore, larger precipitates 

coarsen with the growing particles (Ostwald ripening effect), resulting in losing coherency [23]. 

The coherency decreases as the precipitates changes to the equilibrium phase, which means that 

the 𝜃′′ phase is more coherent to the aluminum-rich matrix than 𝜃′ and subsequently, 𝜃′ phase is 

more coherent than 𝜃 [6][24]. This loss of coherency between the precipitates and the Al-rich 

matrix will be leading to less resistance to slip as the dislocation will loop around the incoherent 

precipitates instead of cutting through them [23].  
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2.3.2 Al-Cu-Mg alloys 

Al-Cu-Mg alloys are another alloy system in heat-treatable 2000 series aluminum alloys. In these 

alloys, the formation of the precipitates is a function of the ratio of the major alloying elements 

(Cu/Mg) [25]. Wang and Starink [26] reported that Bagaryatsky was the first person to propose a 

four-stage precipitation sequence for the age-hardening process of Al-Cu-Mg alloys. This 

sequence is proposed as below: 

Supersaturated solid solution (SSS) → GPB zones → S′′/GPB2 → S′ → S                                  (2.2) 

where clusters are predominantly Cu-Mg, GPB (also termed co-c  lusters or GPB I) is Guiner-

Preston- Bagaryatsky, S′′, and S′ are both metastable phases, and S is the stable phase [24][26]. S′′ 

is an orthorhombic phase which is coherent with the Al matrix and has a probable composition of 

𝐴𝑙10𝐶𝑢3𝑀𝑔3. The S phase is incoherent with the Al matrix and it is the equilibrium 𝐴𝑙2𝐶𝑢𝑀𝑔 

phase. S′ which is considered semi-coherent with the Al matrix phase, reported to be a distorted 

version of the S phase so it is not considered as a separate phase [24]. 

Research has been shown that Cu-Mg clusters form within a short time during natural and artificial 

aging. Cu-Mg clusters and the S phase are known as the first and last stage of the hardening during 

the aging process [24]. The GPB zones and other precipitate structures before reaching the stable 

S phase formation are said to be the dominant precipitates for strengthening in the aging sequence. 

In contrast, the formation of the S-phase is accompanied by softening or over-aging conditions 

[27]. 

Ringer et al. [28][29] reported that Cu and Mg clusters form at the early stage of heat treatment (at 

around 190 °C), and they are believed to be precursors of the GPB zones. Bagaryatsky reported 

that the GPB zones are short-range ordering of Cu and Mg solute atoms. The most accepted 

structure for the S phase, according to some authors [24][26], is the Perlitz and Westgren (PW) 

model. In this model, on the basis of X-ray diffraction (XRD), S phase with a composition of 

𝐴𝑙2𝐶𝑢𝑀𝑔 has an orthorhombic structure with lattice parameters aS = 0.400 nm, bS = 0.923 nm, 

cS = 0.714 nm. The structure of the S′′ phase, however, has not yet been clearly described. Several 

structures including orthorhombic, cubic, tetragonal, and monoclinic have been observed for the 
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S′′ phase. S′ phase has the same structure as the S phase but with different lattice parameters of 

aS′ =0.404 nm, bS′ =0.925 nm, cS′ =0.718 nm [26]. GPB zones are believed to have an ordered 

structure with  cylindrical shapes and diameters of 1-2 nm, and 4 nm in length which are along 

〈110〉𝐴𝑙 directions [25]. 

In recent years, other researchers have suggested different sequences of precipitation for Al-Cu-

Mg other than Bagaryatsky's model. Gouma et al. [25] proposed a model with Cu/Mg weight ratio 

of 0.11 to 0.29 described as below: 

Supersaturated solid solution (SSS) → Cu/Mg clusters or GPB zones → S′′ →S′ →S                        (2.3) 

Ringer et al. [28][29] proposed the precipitation sequence model in Al-1.1Cu-1.7Mg alloy that 

was aged between 120 to 200 °C. They suggested that the age hardening happens firstly due to the 

formation of Cu and Mg co-clusters and secondly the probable nucleation of GPB zones around 

co-cluster sites. They could not confirm the presence of the S′′ phase. Therefore, they proposed 

their suggesting precipitation sequence as below: 

Supersaturated solid solution (SSS) → Cu/Mg co-clusters →  GPB zones → S                                    (2.4) 

In this sequence, the authors suggested the nucleation of the co-clusters represent the initial stage 

of age hardening, and the GPB zone is the dominant precipitate at the peak of the strengthening. 

At the same time, S is the phase wherein softening occurs. 

In another study on the AA2024 (0.49 wt% Si) and AA2324 (0.08 wt% Si) Al-Cu-Mg alloys, 

Wang and Starink [26] investigated two possible variants using transmission electron microscopy 

(TEM) and differential scanning calorimetry (DSC). They suggested two distinct S phase 

precipitates, type I and type II, in the precipitation sequence of these alloys. Furthermore, by 

increasing the content of silicon, the evolution of the type I S phase is enhanced, but the formation 

of the type II S phase will be suppressed [30]. They proposed that the type II S phase is more stable 

than type I. These two types have the same lattice parameters with slightly different orientation 

relationships (OR), whereas S′ and S in previous sequences were reported to have somewhat 

different lattice parameters with the same OR [26]. This sequence was represented as below: 
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Supersaturated solid solution (SSS) → clusters → S′′/GPB2 → S (Type I) → S (Type II)                (2.5) 

By observing precipitation sequence in AA2024 alloy during aging at 170 °C, Sha et al. [11] 

observed solute clusters in all stages of precipitation. They coexisted with the particles of GPB 

zones and the S phase. Therefore, they provided a new precipitation sequence as below: 

Supersaturated solid solution (SSS) → Solute clusters → Solute clusters + GPB zone → Solute 

clusters + GPB zones + S  → S                                                                                                                                      (2.6) 

Furthermore, the possibility of the coexistence of phases in other stages of the precipitation 

sequence was reviewed again by Charai et al. [31]. Their work on Al-0.9%Cu-1.4%Mg alloy at 

the aging temperature around 200 °C with a high-resolution electron microscope (HREM) coupled 

with localized Fourier analysis confirmed the simultaneous coexistence of pre-precipitates 

(clusters and GPB zones) and larger phases like S′′, S′, and S [30]. 

2.4 Dislocation-particles interactions 

Based on the particles' structure and the particle-matrix interface's physics, the interface between 

two phases can be one of two types: coherent interface and incoherent interface [23]. In a coherent 

system, the matrix and second phase particle have the same crystal structure [23]. It is expected 

that the dislocation passing through one phase can easily move to the matrix lattice of the other 

phase and the atomic arrangement and the slip system are continuous. There is a small lattice misfit 

due to the differences between the lattice parameters, resulting in the development of elastic strain 

fields around the boundary of the phases [23][32]. These strain fields between the host lattice and 

the precipitates will slow down the dislocation motion. The strengthening contribution due to the 

misfit strains is found to be: 

𝜏 ∝ 𝐺 𝜀3/2(𝑟𝑓)1/2                                                                                                                                                              (2.7) 

in which ε is misfit strain, G is shear modulus, r is particle radius, and f is the volume fraction of 

the precipitates. At the coherent interface, dislocations cut through the particles, which result in 
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the shearing of the particles. However, the stress level is much higher than passing through the 

matrix. Figure 2.3 shows the schematic of a particle being sheared by a dislocation. 

 

Figure 2.3. Schematic of a dislocation cutting a particle. (a) a dislocation collide a particle (b) the 

dislocation passing through the particle (c) the dislocation cut through the particle into half [33]. 

In an incoherent system, there is a large misfit between the interfaces as the structures of the phases 

are different. Furthermore, the slip systems are not continuous as it was in the coherent system 

[32]. Unlike a coherent system that the dislocations cut through the particles, in an incoherent 

system, dislocations will loop around the particles. With each passage of dislocations, the effective 

distance between the adjacent particles decreases (as shown in Figure 2.4), and it leads to higher 

stress necessary for the dislocations to loop around precipitates and subsequently lead to 

hardening. The relation between the stress and the distance between the particles is given as: 

𝜏 =
𝐺𝑏

𝑙
                                                                                                                                                                                       (2.8)  

Where 𝐺 is the shear modulus, 𝑏 is the Burgers vector, and 𝑙 is the distance between the particles. 

In some alloying systems, however, both cutting through and looping around the particles can 

occur simultaneously. 
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Figure 2.4. Schematic of looping mechanism and subsequent dislocation passages (a) a dislocation 

passing through two particles, (b) the dislocation loops around the particles, and (c) the distance 

between the particles decreased after the dislocation passage [23]. 

2.5 Deformation behavior of metallic materials under mechanical loading 

The behavior of the metallic materials and how they respond to mechanical loading is 

microstructure-dependant regardless of the type of loading and test conditions. The response of 

metallic materials to an applied load could fall into three categories: Elastic deformation, plastic 

deformation, and fracture. Elastic deformation is a non-permanent deformation, and the material 

will return to its primary form after releasing the applied load. The applied load stretches 

(straining) the inter-atomic bonds that hold the atoms in position in elastic deformation. However, 

these bonds keep the atoms' original position and return to the original position (deformation 

recovery). In plastic deformation, as the applied load exceeds the elastic limit, the changes will be 

permanent. In this case, the inter-atomic bonds will break when the load is applied, and new bonds 

will be formed. Furthermore, when the load is removed, the material will not return to its original 

form. At the first stage of plastic deformation, strain hardening occurs due to the interaction of the 

dislocations, and this continues to a point where stress is maximum which is called the ultimate 

tensile strength (UTS) [34]. For many metallic materials, the elastic deformation can last only to 

the strain of about 0.005. 
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The term fracture refers to the separation of the material subjected to mechacanical loading into 

two or more parts. The damage is permanent that can follow plastic deformation under mechanical 

loading, and it is not recoverable, unlike plastic deformation. It involves two steps of crack 

initiation and propagation. Stress-strain curves obtained mechanical testing of metallic specimens, 

indicate the mechanical properties of the specimen. The shape and magnitude of this curve depend 

on the composition of the specimen, applied heat treatment, strain rate, the testing temperature, 

and the magnitude of the applied stress. However, the general form of engineering tensile test is 

derived from the load-elongation measurements on the specimen. The engineering stress plotted 

on the vertical axis of the stress-strain curve is the average longitudinal stress in the tensile 

specimen. It is obtained from the division of the load subjected to the specimen (𝑃) and the original 

cross-sectional area of the specimen (𝐴0) [35]. 

𝜎 =
𝑃

𝐴0
                                                                                                                                                          (2.9) 

The engineering strain, ε, plotted on the horizontal axis of the stress-strain curve is the average 

linear strain which is obtained from the change in length divided by original length (𝐿0): 

𝜀 =
𝐿−𝐿0

𝐿0
                                                                                                                                                    (2.10) 

where 𝐿 is final length and 𝐿0 is the original length. Stress-strain curves are usually described by 

different parameters: tensile strength and yield strength, which are the strength parameters, and 

percentage elongation and percentage reduction in area, which indicate ductility. In Figure 2.5, the 

region in which the stress is directly proportional (linear) is the elastic region. When the stress 

exceeds the value corresponding to the yield strength, the deformation will become permanent or 

plastic [35]. 

After the yield point, the stress required for further plastic deformation increases as the plastic 

strain increases. At this point, strain hardening begins. As the specimen continues to elongate, its 

cross-sectional area decreases uniformly along the gage length. During this deformation, the 

volume of the specimen remains constant. This change continues to a point where the stress in the 
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metal is maximum. This point on the engineering stress-strain curve is the maximum load divided 

by the original cross-sectional area, and it is called tensile strength or ultimate tensile strength 

(UTS): 

𝑆𝑢 =
𝑃𝑚𝑎𝑥

𝐴0
                                                                                                                                                 (2.11)  

After this point, the deformation is no longer uniform, and the decrease in cross-sectional area is 

greater than the increase in deformation load from the strain hardening. This usually happens at a 

point of the specimen that is slightly weaker than the other parts due to defect(s). Subsequently, 

further plastic deformation will concentrate at this point and result in local thinning of the 

specimen. This term is called necking. As the cross-sectional area decreases more rapidly than the 

load is increased by the strain hardening, the actual load needed to deform the specimen drops 

down. The engineering stress decreases subsequently until the fracture occurs. 

 

Figure 2.5. Engineering stress-strain curve. The dashed line indicates the offset yield strength. 
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One of the factors influencing the shape and magnitude of the stress-strain curve during the tensile 

and compression test is strain rate. Strain rate is the change in the strain of the specimen with 

respect to time. The dynamic and fracture behavior of the specimen subjected to a high strain rate 

is different from that of the specimen subjected to quasi-static loading [34]. Furthermore, a 

specimen subjected to sudden load at a high strain rate can experience a more catastrophic failure 

than that of deformed at low strain rates [1]. The typical strain rate for a quasi-static loading 

condition in which the plastic deformation mechanism is slip and/or twinning ranged between 

10−5  and 10−1 𝑠−1. Failure is proceed by necking for tensile test and buckling for compression 

test [34]. At much higher strain rates, as in dynamic shock loading (or dynamic impact loading) 

with strain rate around 103 𝑠−1 or higher, plastic deformation is controlled by the combination of 

strain hardening effect of dislocation multiplication and thermal softening [1]. For metallic alloys 

subjected to a high-velocity impact, only around 10% of the projectile's kinetic energy is used for 

deforming the specimen. The rest of the kinetic energy will be converted to the thermal energy 

that increases the sample's temperature [36]. The behaviors of metallic materials to deformation 

under different loading conditions are described in Figure 2.6 [37]. 

 

Figure 2.6. typical response of a work-hardenable material to plastic deformation under different 

loading conditions [38]. 
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Figure 2.6 indicates that a metallic material under quasi-static loading conditions where the 

temperature change is negligible exhibits continuous strain hardening until failure occurs. The 

adiabatic curve is typical for a material subjected to dynamic impact loading that experiences 

temperature increase during loading. In this case, the material softens after a maximum peak stress  

γmax is reached. This peak is followed by strain softening. In the localization curve, if localized 

thermal softening increases, the capacity of carrying load decreases, and the stress collapse along 

the heat paths and leading to strain localization. 

Regarding thermal softening, there is no specific and clear reason that leads to this phenomenon 

and it is seemingly not the same in different alloys [37]. In the literature, it is suggested that the 

flow softening variation occurs mainly due to dynamic recovery, dynamic recrystallization, or 

dynamic precipitate coarsening [39][40]. For example, for most Al-Zn-Mg system alloys, dynamic 

recovery is the balancing factor for work hardening. The dynamic precipitation and precipitate 

coarsening at higher temperatures have been the main reason for flow softening and drop in stress 

during hot deformation [37]. An investigator [41] also suggested that temperature rise in the metal 

during deformation, dynamic precipitation during the initial stages of straining, subgrain 

coarsening during straining, and texture softening are the main reasons for thermal softening. An 

equation for the quantitative analysis of relative softening in deformed metals as suggested by 

Verlinden et al. [41] is given as: 

Relative softening, 𝑆𝑟(%) = (
𝜎𝑝−𝜎

𝜎𝑝
) ∗ 100                                                                                                        (2.12)  

where the 𝜎𝑝 is the peak stress (MPa), 𝜎 is the stress (MPa) at different stress levels beyond the 

peak stress on the true stress-strain curves. 

2.6 Shear and Torsional test 

For understanding the concept of the torsional behavior of the investigated alloys in this study, it 

is important to review information on the behavior of structural materials under shear loading. For 

performing a test using pure shear force as shown in Figure 2.7(a), the shear stress () calculated 

according to this formula: 
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 = 
𝐹

𝐴0
                                                                                                                                                          (2.13) 

where 𝐹 is the load applied parallel to the upper and lower faces, which have an equal area of 𝐴0. 

Furthermore, shear strain () is the tangent of the strain angle  as shown in Figure 2.7(a). 

Torsional behavior is a variation of pure shear, wherein a specimen is twisted as shown in Figure 

2.7(b) [42]. Torsional forces create a rotational motion along the longitudinal axis of one end of 

the specimen relative to the other end. Examples of machine elements that are subjected to 

torsional loading include axels, driveshafts, and twist drills, among others [23][42]. 

 

Figure 2.7. (a) Schematic of pure shear loading. (b) Schematic of torsional deformation [42].  

Along the axis, shear stress () varies from zero to a maximum value on the surface, as given in 

equation 2.14. 

 = 
𝑇𝑟

𝐼𝑝
                                                                                                                                                          (2.14)  

where r is the radius of the shaft, 𝐼𝑝 is the polar moment of inertial of the shaft. The maximum 

shear strain () on the surface of the shaft is: 
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 = 
𝑟𝜙

𝐿
                                                                                                                   (2.15) 

where 𝜙 is the angel of twist in radian and L is the twist length of the shaft. The shear modulus 

(G) for the material is given by: 

G = 
𝑇𝐿

𝐼𝑝𝜙
                                                                                                                                                                                   (2.16) 

2.7 Adiabatic Shear Band (ASB) 

Failure in metallic alloys subjected to high strain-rate (around 103 𝑠−1 and higher) deformation 

usually occurs by intense strain localization along narrow paths (~ 5-100 m) called Adiabatic 

Shear Bands (ASBs) [43]. During impact loading, near-adiabatic heating can occur that causes the 

heat generation along certain narrow paths that would not conduct away to the other part of the 

metal [44][45]. The initiation of these bands was first reported by Zener and Holloman in 1944 

[46]. 

ASBs have been observed in various types of structural materials, including metals and alloys, 

composites, ceramics, when subjected to ballistic impact, forging, and high-speed 

machining/cutting [47][48]. Shear bands are usually undesirable and lead to intense thermal 

softening, loss of load-carrying capacity, and failure. The formation of ASBs results in further 

deformation taking place within these narrow bands [43]. The existence of these bands is believed 

to be due to the initial strain hardening, which is compensated by the occurrence of thermal 

softening. It is because of the adiabatic conditions in which the heat will not transfer during the 

impact process [47]. Generally, adiabatic shear bands are generated fast, and they undergo 

localized fast heating and rapid cooling by the surrounding matrix [49]. ASB instability occurs 

when thermal heating during high strain rate deformation occurs more quickly than thermal 

dissipation [7]. The formation of ASBs in a metallic alloy under the high strain-rate loading is 

believed to initiate fracture as they are potential sites for crack initiation and propagation [1]. 

 ASB is categorized into two different types, namely deformed shear band (DSB) and transformed 

shear band (TSB) [7][50]. The difference between these two types is that the black-etching color 
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of DSBs consists of elongated and highly distorted grains. TSB consists of ultrafine subgrains 

which are different from the bulk materials and can be seen under the optical microscope (OM).  

Figure 2.8 shows the difference between these two bands. 

 

 

Figure 2.8. Characteristics of adiabatic shear bands in AA2219 aluminum alloy captured by optical 

microscope: (a) Deformed bands and (b) Transformed bands [51].  

The formation of TSB results from further development of deformed bands, and its occurrence has 

been attributed to phase transformation, dynamic recovery, or dynamic recrystallization [52]. 

White color shear bands have frequently been observed in impacted steel, classified as transformed 

bands, exhibiting white-etching characteristics under the optical microscope [49][50]. White 

etching characteristics of the transformed bands are believed to be due to fine grains formation or 

the occurrence of phase transformation in the bands [53]. The presence of these bands has been 

associated with early failure in different mechanical parts in different applications like wind 

turbine gearbox bearings which is one of the most frequently cited. Recent studies have shown that 

white etching areas are composed of refined nano-ferrite, which are supersaturated with carbon 

and have a hardness 30 to 50 percent higher than that of the surrounding matrix [54]. 

2.8 Hardening curve of metallic alloys under the dynamic shock loading 

At room temperature, slip and twinning are two major deformation mechanisms that result in 

plasticity in metallic materials [55]. Furthermore, the stress hardening of these materials could 
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happen by one or both of the mechanisms depending on which mechanism is more likely to occur 

for that specific metallic material [1][56]. In a metallic alloy such as magnesium, in which the 

deformation process is controlled by twinning mechanism, twinning will be influenced by 

parameters like strain rate, temperature, grain size, and initial texture. It has been observed that by 

increasing the strain rate or decreasing the temperature, the possibility of twinning will increase 

[56]. The magnesium alloys' typical strain hardening rate-strain curve includes four stages, as 

shown in Figure 2.9(a). Stage I is the elasto-plastic regime which coincides with the onset of 

primary {101̅2} extension twinning and followed by microscopic yielding. In stage II, primary 

twin formation takes place. In this stage, the flow stress starts to increase with a low work 

hardening rate. In stage III dense secondary {101̅2} extension twins form, and the strain hardening 

rate increases as the twins act as barriers on the way of dislocation paths. Stage IV is where the 

strain hardening rate drops to the low of negative values and saturation of the {101̅2} extension 

twins occur. Furthermore, the hardening curve possesses a hump as the process moves from stage 

III to stage IV [1][57]. 

In FCC structure alloys like aluminum alloys, where the dominant plastic deformation mechanism 

is mostly slip, the strain hardening rate-strain curve does not have any hump, as shown in Figure 

2.9(b). It is suggested that the hump-free curve is due to the absence of twinning activity in the 

deformed alloy. Consequently, it implies that in alloys that the deformation process has a slip-

controlled mechanism, there is a lack of dense secondary {101̅2} extension twins formation in 

stage III. Stage I, where the hardening rate is decreasing, is the elasto-plastic regime, the region of 

dynamic recovery in high SFE metals where the deformation process accommodates by slip [56]. 

Stage IV is where the thermal softening becomes dominant over strain-hardening, resulting in a 

drop in the strain hardening rate. In this region, the hardening curve can drop to below zero [1]. 
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Figure 2.9. Strain hardening- strain curve in materials with (a) Twinning-controlled deformation  

and (b) Slip-controlled deformation [57]. 

2.9 Fracture 

Fracture occurs when a specimen is separated into two or more pieces due to the application of 

mechanical load, including quasi-static loading, high strain rate loading, cyclic loading (fatigue), 

and creep (loading at high temperature). For metals, a fracture is classified into two types: ductile 

and brittle fracture. Depending on the characteristic of the material (brittle or ductile), the type of 

stress (tensile, compressive, torsion, creep), the rate of loading (strain rate), and temperature, the 

type of fracture can vary. Generally, this classification is based on the ability of the material to 

experience plastic deformation before fracture. Ductile metals usually show a noticeable amount 

of plastic deformation with high energy absorption before failure. Brittle materials, however, 

exhibit little or no plastic deformation with low energy absorption before fracture. 

The fracture process involves two steps in response to stress: crack initiation and crack 

propagation. Ductile fracture shows extensive plastic deformation in the vicinity of the advancing 

crack. In ductile fracture, the crack length extends slowly such that it takes some time before 

leading to fracture. These cracks are usually stable until the stress imposed on the material extends 

the crack to the extent that the effective cross-sectional area can no longer carry the load. On the 

other hand, brittle fracture shows almost no plastic deformation and the crack propagates rapidly. 

Cracks in brittle material are extremely unstable, and once the crack is initiated, it propagates 

spontaneously without any increase in the applied load. 
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2.9.1 Ductile fracture 

In ductile fracture mode, there are voids inside the material, or they will nucleate as the material 

starts to deform. The nucleation occurs by particle cracking or failure of the interface between the 

matrix and a precipitate. The voids will grow until they link together or coalesce to form an 

elliptical crack path [42]. In ductile materials, necking usually occurs before fracture. In the most 

common form of tensile fracture for ductile metals, the fracture is preceded by a moderate necking. 

Highly ductile metals, neck down to a point before a fracture occurs. On the other hand, there 

would be no necking during the brittle fracture process. Figure 2.10 shows the schematic of the 

plastic deformation of three types of materials. 

 

Figure 2.10. (a) Highly ductile material in which the material neck down to a point (b) most 

common type of tensile fracture in which necking moderately occurs (c) brittle fracture in which 

no necking occurs. Note: Adapted from Callister [42]. 

In tension, ductile fracture initiates at the center of the material resulting in a cup and cone fracture. 

In this type of fracture, the central interior region of the surface is covered by segments of voids 

called dimples, a fibrous and irregular appearance that expresses plastic deformation in ductile 

fracture [42]. 
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The geometry of the dimples depends on the type of stress applied to the specimen. If the specimen 

is subjected to shear stress, the dimples would be elongated in the direction of the shear stresses 

and have a parabolic shape. In pure shear stress, C-shaped elongated dimples would be in the 

opposite direction on two matching surfaces (Figure 2.11(a)). For uniaxial tensile loading, the 

dimples will have spherical shapes, and each dimple would be one-half of the microvoid that 

formed and separated during the fracture (Figure 2.11(b)). It has been observed that the fracture 

energy increases with increasing the depth and width of the dimples [23]. On the other hand, if the 

specimen is subjected to shear stress, the dimples would be elongated in the direction of the shear 

stresses and have a parabolic shape. In pure shear stress, C-shaped elongated dimples would be in 

the opposite direction on two matching surfaces (Figure 2.11(b)). 

 

Figure 2.11. Diagram showing the effect of three stress states on microvoid morphology: (a) 

elongated dimples in the shearing direction generated by pure shear stresses in quench-hardened 

AISI 4340 [58]; (b) tensile stresses produce equiaxed dimples in AZ31 magnesium alloy [59]. 

2.9.2 Brittle fracture 

A brittle fracture occurs with very little deformation. Crack propagation proceeds in brittle 

materials rapidly and can occur even with no further increase in stress. In this type of fracture, the 

direction of the crack is almost perpendicular to the stress axis, and the fractured surface is 

relatively flat, as shown in Figure 2.10(c). The brittle fracture may leave distinctive patterns on the 

fracture surface. These patterns could be V-shaped marking, called chevron, near the center of the 

fracture that points back to the crack origin or fan-like lines and ridges that radiate from the 

initiation of the crack. The lines are usually coarse enough to be seen with the naked eye. However, 
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in very hard and fine-grained metals, the lines are not discernible [42]. Crack propagation in low-

energy brittle fracture may occur in two forms. There are intergranular fracture and transgranular 

that is also called cleavage fracture (Figure 2.12) 

 

Figure 2.12. (a) Schematic of crack propagation along grain boundaries in intergranular fracture 

(b) Schematic of crack propagation through the interior of grains in transgranular fracture [42]. 

For intergranular fracture, the crack propagates along the grain boundaries and the fracture plane 

exposes grain boundary surface and a faceted morphology [23]. There are different processes that 

may result in intergranular fracture. For example, initiation and coalescence of microvoids at 

inclusions or second phase particles located along grain boundaries [23][42]. 

In ferritic steels, intergranular fracture occurs when the segregation of impurities like carbon 

reinforces grain boundaries. Furthermore, by segregating other impurities like phosphorus, the 

fracture mode can be changed from cleavage to intergranular. This phenomenon is called temper 

embrittlement [60]. 

In cleavage or transgranular fracture, the crack propagates along specific crystallographic planes. 

Transgranular fracture commonly occurs in specific BCC and HCP metals. It can also occur in 

FCC metals when subjected to severe environmental conditions, high strain rates, or very low 

temperatures [23]. The fracture surface in cleavage is usually flat, with river pattern flows in the 
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direction of the crack. The process of cleavage fracture consists of three steps: 1. Plastic 

deformation, 2. Crack initiation, and 3. Crack propagation [42]. Cleavage fracture could form 

different fracture surfaces when they cross sub-boundaries, twin boundaries, and grain boundaries 

[60]. River patterns may be generated if a crack propagates across a grain boundary and the 

advancing crack is reoriented in search of weak cleavage planes in new grain. The direction of the 

river patterns aligns with the direction of the cleavage cracks propagation. Creating the cleavage 

steps is another possibility if the crack overpasses a low angle twist boundary and the cleavage 

crack intersect with screw dislocations [23][60]. 

2.10 Elemental composition of the investigated 2000 series aluminum alloys 

The materials selected for investigation in this study were AA2017, AA2024, and AA2624 

aluminum alloys received in naturally aged conditions. The AA2017 alloy is received in T451 

temper condition while AA2024 and AA2624 are supplied in T351 temper. Table 2.1 provides the 

range of elemental composition of the AA2017 and AA2024 samples obtained from literature 

sources [1]. The composition of the AA2624 alloy was obtained from the manufacturer, ALCOA 

Canada. Table 2.2 provides the chemical compositions of the alloys, as obtained from chemical 

analysis using inductivity coupled plasma-mass spectrometry (ICP-MS) at the Department of 

Geology, University of Saskatchewan by a former students, who worked on the alloy in our 

research group. It shows that the major alloying additions to aluminum base metal are Cu, Mg, 

Mn, and Fe for the three alloys. In addition, AA2017 contains a significant amount of Zn. The heat 

treatment processes that were used to achieve the T351 and T451 temper conditions are provided 

in Table 2.3 [1]. 
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Table 2.1.   Chemical composition of the investigated as-received 2000 series aluminum alloys (wt. 

%) [1]. 

 Al Cu Mg Mn Fe Si Zn Ti Cr Others 

AA2017 Bal 3.5- 

4.5 

0.4- 

0.8 

0.4- 

1.0 

≤0 .7 

 

0.2- 

0.8 

≤0.25 

 

≤0.15 

 

≤0.10 ≤0.15  

 

AA2024 Bal 3.8- 

4.9 

1.2- 

1.8 

0.3- 

0.9 

≤0.5  

 

≤0.5  

 

≤0.25  

 

≤0.15 ≤0.10  

 

≤0.15 

AA2624 Bal 4.1 1.4 0.6 - - - - - - 

 

Table 2.2. Result of ICP-MS for investigated alloys (wt. %). 

 Al Cu Mg Mn Fe Zn Ti Cr Si+others 

AA2017 90.57 3.39 0.57 0.58 0.19 0.14 0.01 0.03 4.50 

AA2024 91.26 3.90 1.34 0.60 0.22 .01 0.02 0.02 2.62 

AA2624 93.79 3.44 1.24 0.53 0.06 0.00 0.02 0.00 0.92 

 

Table 2.3. Temper designation of the as-received alloys [1]. 

Temper 

designation 

Heat treatment procedure Product forms 

T351 Solution heat treatment followed by a stress relief by 

stretching to about 1-3% for rod/bar or 1.5-3 % for plate 

finished bar before naturally aged 

Plate; rolled or cold-finished bar 

T451 Solution heat treatment followed by a stress relief by 

stretching to about 1-3% before naturally aged  

Rolled or cold finished rod and bar  
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As can be concluded from Tables 2.1 and 2.2, all the three as-received alloys contain Cu, Mg, and 

other elements. However, in AA2017, the ratio of Cu to Mg is nearly 6, whereas the ratio in 

AA2024 and AA2624 is around 2.8. Furthermore, due to the low content of Mg, AA2017 is 

considered an Al-Cu alloy, while AA2024 and AA2624 are considered as Al-Cu-Mg alloys 

because of the higher amount of magnesium [24]. 

  



33 

 

CHAPTER 3  

 MATERIALS AND METHODOLOGY 

3.1 Materials  

In this thesis, three aluminum alloys from the 2000 series were selected for investigation. These 

test specimens are AA2017, AA2024, and AA20624 aluminum alloys. The alloy compositions are 

provided in Section 10 of Chapter 2. Regarding the geometry and dimensions, all the specimens 

were machined along the rolling direction into a hollow cylindrical sample, as depicted in Figure 

3.1. The specimens have an outer diameter of 13.8 mm and an inner diameter of 13 mm with a 

wall thickness of 0.4 mm and a gauge length of 3.8 mm. 

  

 

3.2 Heat treatment procedure  

Some of the machined as-received specimens were heat-treated to T651 temper condition and 

some into O temper condition to investigate the effect of temper conditions on mechanical 

response to high strain rate under torsional loading. The as-received alloys AA2017-T451 and 

AA2624-T351 were artificially aged at 100 °C for 10 hours, followed by air-cooling to obtain a 

temper condition of T651. Also, alloy AA2024-T351 was artificially aged at 191 °C for 10 hours 

followed by air-cooling to obtain the same temper condition. For O temper condition, which is 

Figure 3.1. Schematic of cylindrical specimen (a) dimensions and (b) cutting directions 

(ND: normal direction, RD: rolling direction, and TD: transverse direction). 
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annealing, all specimens were heated to 413 °C for three hours, followed by a two-step cooling 

process. Firstly, the specimens were slow cooled at approximately 30 °C per 30 minutes to 260 °C 

and then air-cooled to ambient temperature. 

3.3 Torsion test 

High strain-rate torsion tests were done using a torsional split Hopkinson bar (TSHB) equipment, 

consisting of an incident bar, a transmitter bar, and a clamp with a torque discharging mechanism, 

as shown in Figures 3.2 and 3.3. The procedure of the TSHB started with placing the specimens 

between the two bars. The loading end of the incident bar was twisted by applying torque which 

was stored between the loading bar end and the clamp [43]. When the clamp was opened, the 

torque was released, generating elastic waves along the incident bar, rapidly deforming the 

specimen. The loading arm was subjected to torsional loading at different angles of twist to create 

different strain rates in the specimens. The waves were captured by the strain gauges attached to 

the bars, which were in turn connected to a signal conditional and amplification system. The 

connected digital oscilloscope stores the signals that were imported to a computer for further 

analysis. 

The elastic waves were stored in the oscilloscope as voltage and time data. These data needed to 

be converted to elastic strain data for further analysis. This was done by obtaining a conversion 

factor by calibrating the equipment prior to the major mechanical tests. Calibrating was done by 

subjecting a solid specimen to high strain rate torsional loading at angles of twist of 0, 2, 4,…,20 

degrees (intervals of 2 degrees) while the end of the transmitter bar was pinned down. During this 

process, the generated voltages corresponding to each angle of twist were captured. By using 

equation 3.1, the shear strain for each point was calculated. 

γ =
ρ𝜙

𝐿
                                                                                                                                                                                     (3.1)                  

where ρ is the radius of the specimen, 𝜙 is the angle of twist (in radian), and 𝐿 is the total length 

from the loading arm to the end of the transmitter bar. Two linear plots of strain versus voltage 

were made for incident and transmitter bars by calculating the shear strain for each point. Linear 

relations were further used to calculate the shear strain corresponding to voltage recorded by the 
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oscilloscope. Figure 3.4 shows the linear relation between the shear strain and voltage generated 

in the incident bar. 

The calculated shear strains are then used in obtaining shear stress, strain, and strain rate data using 

the equations below [61]:    

𝜏 =
𝐺𝐷3

8𝐷𝑠
2𝑡𝑠

𝛾𝑇                                                                                                                                                                           (3.2) 

𝛾 =
2𝐶𝐷𝑠

𝐿𝑠𝐷
∫ 𝛾𝑅 𝑑𝑡

𝑡

0
                                                                                                                                                                (3.3) 

�̇� =
2𝐶𝐷𝑠

𝐿𝑠𝐷
𝛾𝑅                                                                                                                                                                            (3.4) 

where 𝐷, 𝐷𝑠, and 𝑡𝑠 are the diameter of the input/output bar, mean diameter of the thin wall of the 

specimen, and wall thickness of the specimen, respectively; 𝐺, 𝐶, and  𝐿𝑠 are shear modulus of bar 

material, speed of wave sound in the bar, and the gage length of the specimen, respectively; and 

γT and γR are respectively transmitted and reflected strain pulses. 

 

Figure 3.2. Schematic of torsional split Hopkinson bar (TSHB) system. 
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Figure 3.3. (a) Torsional split Hopkinson bar (TSHB), (b) the loading arm and the clamp parts in 

the TSHB, and (c) the place in which specimen is placed between the transmitter and incident bar.  

 

Figure 3.4. Voltage calibration linear relationship for high strain rate torsional test. 

After the system preparation and calibration, specimens of the alloys in the three different temper 

conditions (O, T351, or T451 and T651) were subjected to high strain rate tests. This mechanical 

testing was done using three angles of twists of 4, 8, and 12 degrees. By increasing the angle of 
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twist, the strain rate increases, and it is possible to observe the damage evolution in the samples 

for each temper condition as the strain rate changes. Each test was repeated thrice, and the reported 

shear stress-shear strain curves are averages of the three tests. Finally, the stress, strain, and strain 

rate data were calculated and used in generating shear stress-shear strain curves and strain 

hardening curves. 

3.4 Microstructural investigation  

Microstructural evaluation of the samples started with metallographic sample preparation. The 

specimens intended to be observed before the torsion loading process were cut from the aluminum 

alloy bars and cold mounted. The machined specimens, which were subjected to torsional loading, 

were cut into two halves. The cutting process was done using a low-speed precision cutting 

machine so that no further additional stresses were applied to the specimens during cutting. The 

cutting process was along longitudinal and transverse directions to observe the deformation on 

both transverse and longitudinal sections. Finally, all cut specimens were cold mounted. 

The cold mounting process was conducted using acrylic resin, a mixture of VersoCit-2 powder, 

and liquid. The cold mounting of the specimens was followed by pre-grinding and fine grinding 

before polishing (diamond and oxide) to get a mirror-like surface finish for microscopy. Pre-

grinding was done with 320 and 500 grades SiC emery papers. For fine grinding, a 9  μm MD-

Largo cloth with a 9 μm MD-Largo suspension was used. Lastly, the diamond polishing was done 

with 3 μm MD-Mol with 3 μm MD-Mol suspension and 1 μm MD-Nap clothes with 1 μm MD-

Nap suspension. Regarding oxide polishing, 0.04 μm OP-Chem cloth with 0.04 μm oxide polishing 

suspension (OPS) was used. OPS is a colloidal silica suspension. Etching before optical and 

scanning microscopy helps the specimen to reveal the microstructure of interest. The etching was 

done using a chemical consisting of 25 ml methanol, 25 ml HNO₃, 25 ml HCL, and one drop of 

HF. The etching time for each specimen depends on the temper condition of each alloy. Table 3.1 

shows the etching time used for each alloy [1]. 
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Table 3.1. Etching time used for each investigated alloy with different temper conditions [1]. 

Alloy AA2017 AA2024 AA2624 

Temper 

condition 

T451 T651 O T351 T651 O T351 T651 O 

Etching 

time (s) 
50 50 10-15 50 10-15 5 50 50 5 

          

3.4.1 Optical microscopy and scanning electron microscopy 

After the etching, the microstructure of the samples was investigated using optical microscopy 

(OM) and scanning electron microscopy (SEM). For optical microscopy, a Nikon MA100 inverted 

microscope with a PAX-it! image analysis system (Figure 3.5(a)) was used, and for scanning 

electron microscopy, a JEOL-JSM6010LV scanning electron microscope (Figure 3.5(b)) with the 

accelerated voltage of 20 kV was used. 
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Figure 3.5. (a) Optical microscope and (b) Scanning electron microscope (SEM) used in this study. 

With OM, it is possible to observe the structure of second phase particles in the investigated alloys. 

However, the pictures taken by an optical microscope do not offer the high magnification needed 

for a detailed understanding of the morphology of the second phase particles. For better 

observation of second phase particles, SEM was used after OM, in which the shape and color 

difference of the second phase particles could be more distinctly observed. Under the optical 

microscope, micrographs were taken using three magnifications (100x, 500x, and 1000x). The 

observation was conducted in various parts of the deformed samples in search of the changes in 

precipitate regimes. The SEM was used to investigate the samples at higher magnifications (up to 

10000x). 
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3.4.2 Electron backscatter diffraction (EBSD) and energy dispersive 

spectroscopy (EDS) 

EBSD measurements were conducted to obtain detailed information about crystallographic 

orientation, local misorientation, deformed and recrystallized fraction of the samples. The tests 

were conducted on a plane perpendicular to the axis of the as-received AA2017 and AA2024 

aluminum alloy rods, and a plane perpendicular to the rolling direction of the AA2624 aluminum 

alloy plate samples in the naturally aged conditions before mechanical loading. A Hitachi SU6600 

field emission scanning electron microscope equipped with an Oxford Instruments HKLNordlys 

EBSD detector (Figure 3.6) and an energy dispersive spectroscopy (EDS) detector was used for 

observation of the texture of the investigated aluminum alloys. This machine also coupled with 

the AZTEC 2.0 data acquisition software to acquire the electron diffraction patterns. Electron 

microscopy was done at an accelerating voltage of 15 kV, and scanning was carried out with a 

binning of 8 x 8 pixels. Furthermore, all micrographs were processed with the Oxford Instruments 

Channel 5 post-processing software. By post-processing of the acquired micrographs, 

crystallographic orientation maps, local average misorientation data, and maps, recrystallized and 

deformed fraction data and maps, grain size distribution data were captured. EBSD Micrographs 

were taken at a low magnification of 200x to include a large area of the specimens. Each 

micrograph were captured in a process lasting for more than 12 hours. 

Energy dispersive spectroscopy was done with the same machine on the same as-received alloys 

to obtain the data regarding the composition of the second phase particles observed with scanning 

electron microscopy. Analysis was conducted on a plane perpendicular to the axis of the AA2017 

and AA2024 aluminum alloys rods and perpendicular to the rolling direction of the AA2624 plate. 

This analysis was done at low magnification of 200x to include a large area of the alloys. The data 

was captured in the form of K maps and a table of weight percentages for each element.  
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Figure 3.6. Electron backscatter diffraction (EBSD) system.  
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CHAPTER 4  

 RESULTS AND DISCUSSION 

In this chapter, the results obtained from the experimental investigation are provided and 

discussed. Firstly, the microstructures of the AA2017, AA2024, and AA2624 aluminum alloys at 

different temper conditions of naturally aged, artificially aged, and annealed before mechanical 

loading are presented and discussed. The second subsection includes shear stress-shear strain and 

strain hardening rate curves obtained from TSHB tests. These results include the shear flow stress, 

shear strain, and strain rate generated during the mechanical test. Lastly, the microstructural 

evolution in the investigated alloy during the high strain-rate torsional loading is discussed. 

4.1 Microstructure of the investigated alloys before mechanical loading 

Figure 4.1 shows typical optical micrographs obtained for the polished and etched as-received 

specimens before mechanical loading. These micrographs were taken on the plane perpendicular 

to the rolling direction of the investigated alloys. Although the grain structures of all samples can 

be observed, the grain boundaries could not be easily identified. The HF-containing etchant 

preferentially attacked the second phase particles and not the grain boundaries for the optimum 

etching time. As observed in Figure 4.1a-c, spherical and irregularly shaped second phase particles 

are finely dispersed within the microstructure of AA2624-T351 aluminum alloy, whereas only 

coarse second phase particles with irregular shapes are observed in the AA2024 alloy. In AA2017 

alloy, a combination of the fine and coarse second phase particles can be observed. The difference 

in the grain structure of the alloys could be because of the difference in pre-machining processes 

as the AA2017-T451 and AA2024-T351 were rolled into a rod, whereas AA2624-T351 was 

priorly rolled into a plate. These particles appeared in different colors, shapes, and sizes. SEM was 

used to observe the second phase particles in greater detail. The ultrafine precipitates that are 

formed during solution heat treatment or precipitation heat treatment and contribute to 

strengthening cannot be observed under an OM or SEM. These precipitates are so small that they 

can only be investigated using high-resolution electron microscope (HREM) or transmission 

electron microscope. 
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Figure 4.1. Optical micrographs of the as-received alloys (a) AA2017-T451, (b) AA2024-T351, 

and (c) AA2624-T351 showing the morphology of second phase particles. 

4.1.1 Morphology of second phase particles in AA2017 

The microstructure of the AA2017 aluminum alloys in T451, T651, and O temper conditions 

before mechanical loading are provided in Figures 4.2 and 4.3. Optical microscopy and SEM have 

been used to produce these micrographs, respectively. Fine second phase particles are dispersed in 

the aluminum matrix in all the three investigated temper conditions. The size of the second phase 

particles seems to be bigger in AA2017-T451 and AA2017-T651 compared to AA2017-O (Figure 

4.2). AA2017 is an Al-Cu aluminum alloy with a very low amount of Mg that is strengthened by 

the formation of Al2Cu, Al3Cu precipitates following GP→ 𝜃′′→  𝜃′→ 𝜃 sequence during 

precipitation heat treatment process [62][24]. The addition of Mg as a minor alloying element can 

result in the formation of the Al2CuMg (S) phase which can co-exist with Al2Cu (𝜃) [1].  

The result of the scanning electron microscopic study on the AA2017 samples (Figure 4.3) 

revealed semi-spherical shapes and irregularly shaped particles within the matrix of the 

alloy in T451 temper. More particle clustering is observed in the AA2017-T451 compared to 

the AA2017-T651 and AA2017-O. Tiny white particles were observed in the microstructure 

of AA2017-O alloy under the scanning electron microscope. These tiny white particles could 

not be observed under the optical microscope. They have a needle-like shape and are 

dispersed within the aluminum matrix in AA2017-O alloy (Figure 4.3(c)). In the AA2017-

T451 and AA2017-T651 alloys, however, these particles were not seen. That would be 

because they probably dissolved within the aluminum matrix during aging treatment 

(Figure 4.3a, b). Energy dispersive spectroscopy (EDS) technique is needed for detecting the 
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composition of these particles. Rezaei et al. [63], in a study on 6061 aluminum alloy, investigated 

these white particles as Si-rich precipitates by using energy dispersive spectroscopy (EDS).  

 

Figure 4.2. Optical micrographs showing the distribution of second phase particles in the (a) 

AA2017-T451, (b) AA2017-T651, and (c) AA2017-O alloy before mechanical loading. 
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Figure 4.3. SEM micrographs showing the distribution of second phase particles in (a) AA2017-

T451, (b) AA2017-T651, and (c) AA2017-O before mechanical loading. 

4.1.2 Morphology of second phase particles in AA2024 

The optical and SEM micrographs showing the distribution of the second phase particles in 

AA2024 aluminum alloys before mechanical loading are provided in Figures 4.4 and 4.5. These 

micrographs indicate their distribution for all three annealed, naturally, and artificially aged 

AA2024 aluminum alloys. AA2024 is considered an AL-Cu-Mg aluminum alloy due to its higher 

magnesium content compared to AA2017 aluminum alloy. In these types of alloys, aluminum 

combines with the alloying elements, which are copper and magnesium, and form phases like 
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𝐴𝑙2𝐶𝑢𝑀𝑔 and 𝐴𝑙10𝐶𝑢3𝑀𝑔3 which are referred to as S and S′′ phases, respectively [24]. These are 

the phases that are formed during the age-hardening of this alloy and contribute to hardening. 

Optical micrographs of AA2024 aluminum alloy show that in AA2024-T351, very coarse second 

phase particles with some irregularly shaped grey particles are widely distributed within the 

continuous aluminum-rich phase matrix (Figure 4.4(a)). In the artificially aged AA2024, the 

second phase particles appear to be finer (Figure 4.4(b)). Although second phase particles clustered 

together in AA2024-O (Figure 4.4(c)), AA2024-T351 exhibits more clustering of the second phase 

particles.  

A more detailed investigation using scanning electron microscopy (Figure 4.5) shows coarse, 

second phase particles in AA2024-T351 clustered together and formed irregularly shaped 

particles. In contrast, in AA2024-T651, second phase particles were observed to have needle-like 

shapes with less clustering of particles. In AA2024-O aluminum alloy, needle-like second phase 

particles clustered together and formed irregularly shaped particles. Grain boundaries are observed 

on SEM micrographs of the annealed alloy as the second phase particles are arranged along the 

grain boundaries. In a previous research by Tiamiyu [1] AA2024-O aluminum alloy, the formation 

of the second phase particles along the grain boundaries was also detected. It was pointed out that 

the precipitation along grain boundaries substantially increased in the annealed AA2017, AA2024, 

and AA2624 aluminum alloys after high strain-rate impact loading. 

 

Figure 4.4. Optical micrographs showing the distribution of second phase particles in the (a) 

AA2024-T351, (b) AA2024-T651, and (c) AA2024-O alloy before mechanical loading. 
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Figure 4.5. SEM micrographs showing the distribution of second phase particles in the (a) 

AA2024-T351, (b) AA2024-T651, and (c) AA2024-O alloy before mechanical loading. 

4.1.3 Morphology of second phase particles in AA2624 

The micrographs of AA2624 aluminum alloys in different temper conditions of T351, T651, and 

O before mechanical loading are provided in Figures 4.6 and 4.7. Both optical and scanning 

electron microscopes were used to obtain these micrographs. AA20624, just like AA2024, is an 

Al-Cu-Mg alloy that can be strengthened by forming the S′′ and S′ phases, which are coherent and 

semi-coherent phases that form during age hardening processes. Figures 4.6a and 4.6b show that 

finely dispersed second phase particles are widely dispersed in the continuous aluminum-rich 
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phase in AA2624-T351 and AA2624-T651. In the annealed AA2624 alloy, second phase particles 

clustered together and formed irregularly shaped big particles. A high resolution imaging with the 

scanning electron microscope (Figure 4.7(a)) reveals that finely dispersed spherical particles exist 

in AA2624-T351. These particles partly clustered together and formed irregularly shaped bigger 

particles. In AA2624-T651 (Figure 4.7(b)), second phase particles are coarser, and more 

irregularly shaped clusters are observed. Furthermore, irregularly shaped particles clustering along 

the grain boundaries were also observed in the annealed AA2624-O sample (Figure 4.7(c)). In the 

age-hardened AA2624 alloys, clustering of second-phase particles around the grain boundaries 

was not observed. The presence of grain boundary precipitates in all annealed samples gives the 

impression that it could be possible that these precipitates contribute to weakening in annealed 

specimens and subsequently strength decrease [64]. 

 

Figure 4.6. Optical micrographs showing the distribution of second phase particles in the (a) 

AA2624-T351, (b) AA2624-T651, and (c) AA2624-O alloy before mechanical loading. 
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Figure 4.7. SEM micrographs showing the distribution of the precipitates in the (a) AA2624-T351, 

(b) AA2624-T651, and (c) AA2624-O before mechanical loading. 

4.2 Energy dispersive spectroscopy (EDS) 

The compositional analysis results of the second phase particles in the as-received AA2017-T451, 

AA2024-T351, and AA2624-T351 using energy dispersive spectroscopy (EDS) are presented in 

Figure 4.8. Considering the Al K1 map of all three samples, the aluminum-rich phase is in red 

color, and the dark shape features are either second phase particles or cavities created in the sample 

by chemical attack of second phase particles by the etchant. As it is previously observed in the 

micrographs captured by scanning electron microscope in Figures 4.3(a), 4.5(a), and 4.7(a), second 
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phase particles are more coarse in naturally aged AA2024 alloy compared to the other two alloy 

with the same temper condition. Similarly, dark features, which represent second phase particles 

in Al K1 maps, were observed more in AA2024-T351 compared to the other two alloys. 

The Cu L1-2 analysis indicates the amount of copper element, which is the major alloying 

element for all three investigated alloys. The grey irregular-shaped particles rich in Cu appeared 

as shiny particles in Cu L1-2 maps. From these maps, second phase particles in AA2024-T351 

have a higher concentration of shiny particles, which have more Cu content compared to the 

AA2017-T451 and AA20624-T351 alloys. Furthermore, in Table 2.1, a higher percentage of the 

Cu has been reported for AA2024 alloy compared to the other investigated alloys with 3.8 to 4.9 

weight percentage.  

The Mg K1-2 maps show the intensity of the magnesium within the investigated alloys. Second 

phase particles with less concentration of Mg element have been indicated in a darker color in 

these maps. In the AA2017-T451 Mg K1-2 map, which is an Al-Cu alloy with much less content 

of Mg element, second phase particles appeared in darker colors compared to the AA2024-T351 

and AA2624-T351, which are Al-Cu-Mg alloys with more content of Mg. Table 2.1 also shows 

lower content of Mg for AA2017-T451 compared to the other investigated samples.  

In Mn K1 and Fe K1 maps, both Mn-containing and Fe-containing particles were observed in 

brighter colors within the matrix of the AA2017-T451 and AA2024-T35 alloys. However, in 

AA2624-T351 alloy, those particles became dimmer. It could be due to the lower content of these 

elements in AA2625-T351 alloy. Tables 2.1 and 2.2 also show less Mn and almost no Fe in the 

AA2624-T351 alloy. It has been observed that the presence of iron-rich precipitates in artificially 

aged AA2017-T651 may result in the formation of 𝐴𝑙3𝐹𝑒 or 𝐴𝑙12(𝐹𝑒, 𝑀𝑛)3𝑆𝑖 which co-exist with 

𝐴𝑙2𝐶𝑢 (𝜃) and 𝐴𝑙2𝐶𝑢𝑀𝑔 (S) equilibrium phases [65]. 

Si was also observed in the Si K1 EDS maps as shiny particles, and these were mostly seen in 

the AA2017-T451 and AA2024-T351, in which higher content of Si element was recorded in 

Tables 2.1 and 2.2. It has been reported that the addition of the Si element increases the formation 

of clusters during natural aging [66]. Furthermore, the alloy with higher content of Si is expected 
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to have a large number of clusters and subsequently higher yield strength, tensile strength, and 

instantaneous strain hardening rate (SHR). Therefore, it is expected the Si-content in AA2017-

T451 and AA2024-T351 improves yield strength and flow stress. 

 

Figure 4.8. EDS maps of major elements in second phase particles of all three as-received samples. 
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To obtain more accurate results regarding the composition of the second phase particles in 

AA2017-T451, AA2024-T351, and AA2624-T351 alloys, point scanning, and map scanning were 

conducted on these particles in the as-received alloys using EDS, the results of which are 

summarized in Figures 4.9 to 4.11. In each micrograph, spectrum 1 is for the point map, while 

spectrum 2 is for the selected area map of the second phase particles. Spectrum 1 is specified with 

a white dot, whereas spectrum 2 is shown with a white rectangular around a part of a second phase 

particle. 

The spectrum captured from a point within a coarse second phase particle in AA2017 alloy shows 

that this particle is rich in copper and aluminum with the weight percentage of 47.9 and 41.4, 

respectively (Figure 4.9(a)). Furthermore, the presence of 𝐴𝑙2𝐶𝑢 in the aluminum matrix of 

AA2017 is expected. Other minor elements like iron, zinc, silicon, manganese, and magnesium 

were also observed in very small weight percentages (< 4 wt. %). On the other hand, the spectrum 

captured from a point within a coarse white second phase particles in AA2024 alloy, which were 

observed everywhere within the aluminum matrix of this alloy, shows a higher percentage of 

copper than aluminum than the AA2017 alloy with weight percentages of 65.7 and 27.6, 

respectively (Figure 4.10(a)). Scanning a point in a fine second phase particle of the AA2624 alloy 

showed a lower weight percentage for copper compared to the other two alloys which are about 

35.2 wt.% (Figure 4.11(a)). That could be because of the fact that second phase particles are more 

dispersed within the aluminum matrix than clustering together as observed in AA2624 aluminum 

alloy. 

Results from spectrum 2 of AA2017, AA2024, and AA2624 aluminum alloys are presented in 

Figures 4.9(b), 4.10(b), and 4.11(b), respectively. A higher weight percentage of Cu and Al in 

AA2017-T451 alloy shows the high possibility of the existence of 𝐴𝑙2𝐶𝑢. A significant percentage 

of Fe, Mn, and Si elements in AA2017-T451 alloy were also observed (Figure 4.9(b)). According 

to Mirjalili [65], by containing a high percentage of Fe, Mn, and Si elements, the formation of 

𝐴𝑙3𝐹𝑒 or/and 𝐴𝑙12(𝐹𝑒, 𝑀𝑛)3𝑆𝑖 can be expected. A higher weight percentage of Mg was observed 

for AA2024-T351 and AA2624-T351 alloys, which are Al-Cu-Mg alloys, compared to AA2017-

T451, which is an Al-Cu alloy. Results show 0.6 Wt.% and 0.8 Wt.% for the AA2024-T351 and 

AA2624-T351 alloys, respectively, whereas only 0.2 Wt.% for the AA2017-T451 alloy (Figures 
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4.10(b) and 4.11(b)). Having a lower ratio of Cu/Mg in AA2024-T351 and AA2624-T351 alloys 

can increase the possibility of the formation of 𝐴𝑙2𝐶𝑢𝑀𝑔 composition along with 𝐴𝑙2𝐶𝑢 in 

AA2024-T351 and AA2624-T351 alloys. In AA2024-T351, the presence of 𝐴𝑙3𝐹𝑒, 

𝐴𝑙12(𝐹𝑒, 𝑀𝑛)3𝑆𝑖 can also be expected due to the significant weight percentage of Fe, Mn, and Si 

elements (Figure 4.10(b)). On the contrary, AA2624 exhibited a small percentage of Mn with 0.2 

Wt.%, and 0 Wt.% for Fe and Si elements (Figure 4.11(b)). Furthermore, formation of 𝐴𝑙2𝐶𝑢𝑀𝑔 

and 𝐴𝑙2𝐶𝑢 phases are more expected in AA2624-T351 [24]. 

 

Figure 4.9. Elemental mapping of second phase particles in as-received AA2017. (a) point 

scanning and (b) map scanning. 
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Figure 4.10. Elemental mapping of second phase particles in as-received AA2024. (a) point 

scanning and (b) map scanning. 

 

Figure 4.11. Elemental mapping of second phase particles in as-received AA2624. (a) point 

scanning and (b) map scanning. 
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4.3 EBSD measurements of the as-received aluminum alloys 

Electron backscatter diffraction (EBSD) was used to obtain detailed information regarding the 

crystallographic orientation, local misorientation, deformed and recrystallized fraction of the 

samples. EBSD scans were conducted on the as-received AA2017, AA2024, and AA2624 

aluminum alloys in the naturally aged condition (T451/T351) before mechanical testing. The 

results obtained from the post-processing of the raw data obtained from EBSD measurements are 

presented in Figures 4.12 to 4.15. These measurements were conducted on a plane perpendicular 

to the rolling direction of the AA2624-T351 plate, as well as the AA2017-T451 and AA2024-T351 

rods. 

EBSD inverse pole figure (IPF) maps provided in Figure 4.12(a, b, c) show the grains' morphology 

in each as-received alloy. These maps clearly show that the AA2017-T451 and AA2024-T351 

alloys have smaller and more equiaxed grains, while AA2624-T351 showed large and elongated 

grains. Figure 4.13 shows information about the grain size distribution of all three as-received 

samples obtained from the processed EBSD data. It is evident that AA2624-T351 alloy has more 

grains with diameters greater than 25 m, whereas AA2017-T451 and AA2024-T351 had fewer 

grains larger than 25 m in diameter, and the grains were evenly distributed within the 

microstructure.  
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Figure 4.12. EBSD orientation maps (a, b, c), local average misorientation map (d, e, f), deformed 

and recrystallized fraction maps (g, h, i) obtained for AA2017-T451 (a, d, g), AA2024-T351 (b, e, 

h), and AA2624-T351 (c, f, i). 

The average grain size of AA2017-T451, AA2024-T351, and AA2624-T351 alloys was obtained 

from the direct grain area measurement as 19 m, 22 m, and 40 m, respectively. From the well-

known Hall-Petch relationship, there will be a higher volume of grain boundaries per unit area in 

alloys with finer grain sizes to hinder dislocation motion and will require more stress to cause slip. 

From this principle, it can be predicted that the AA2624-T651 should show less flow stress than 

the other two alloys if other microstructural variables are similar. 
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Figure 4.13. Grain size distribution for AA2017-T451, AA2024-T351, AA2624-T351. 

Figures 4.12(d, e, f) provide the local average misorientation maps of all three as-received alloys. 

The legend below the maps simply shows the degrees of local misorientation within the grains. 

This means that the closer the grains are to the red color (maximum), the higher is the degree of 

misorientation. Furthermore, the increased misorientation indicates higher elastic stored energy 

and dislocation density within the material [67]. Since this energy is usually stored within 

dislocations, it can also serve as a qualitative or approximate measure of the dislocation density 

within the material.  

From the local average misorientation maps, it can be seen that a shade of green and yellow 

distributed within the grains of AA2624-T351 (Figure 4.12(f)), whereas in AA2017-T451 and 

AA2024-T351 alloy, the color of the grains is closer to dark green and blue (Figures 4.12(d) and 

(e)). It means that more dislocation density and higher energy are stored in the AA2624-T351 

alloy. The graph in Figure 4.14 confirms this idea as higher misorientation angles have more 

relative frequencies for AA2624-T351. Furthermore, in AA2024-T351 alloy, more grains have a 

higher degree of misorientation than AA2017-T451, which means more energy is stored within 

the AA2024-T351 compared to AA2017-T451, and subsequently, the former is expected to show 

more strength than the latter.  

Figures 4.12(g, h, i) show the recrystallized, recovered, and deformed grains in the microstructure 

of the as-received alloys. It can be observed that there is a good relationship between the local 
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average misorientation maps and recrystallized fraction maps. AA2624-T351 shows more red- and 

yellow-colored grains than blue compared to the other two specimens, meaning more deformed 

and recovered grains exist in these samples than recrystallized grains. Also, in AA2017-T351, 

there are more recrystallized grains, whereas in AA2024-T351, fewer recrystallized grains and 

more recovered grains exist.  

 

Figure 4.14. Local average misorientation of all three as-received aluminum alloys. 

Figure 4.15 also shows the relative frequencies for recrystallized, recovered, and deformed 

fractions. A larger deformed fraction in AA2624-T351 alloy can be expected to have more stored 

energy than the other two samples with less deformed fraction. Also, AA2017 exhibited the most 

recrystallized fraction, resulting in less stored energy among all three alloys. Having more 

deformed grains means having more dislocation density and more stored energy. Therefore, it is 

expected that AA2624-T351 will exhibit more strength compared to the other two samples if other 

microstructural variables are the same. Both Figures 4.12(d, e, f), and 4.14, indicate more angle of 

misorientation within the grains for the AA2624-T351, which has the most deformed fraction. 
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Figure 4.15. Recrystallized, recovered, and deformed fraction of all as-received alloys. 

In conclusion with respect to the EBSD maps, AA2624-T351 alloy has the largest grain size among 

all alloys and exhibited the highest stored energy and the most deformed grains. On the other hand, 

AA2017-T451 alloy had the highest fraction for recrystallized grains compared to AA2024-T351 

and AA2624-T351 alloys, which mean less stored energy and less degree of misorientation, which 

may result in more ductility in the alloy.  

The EBSD results contain relatively detailed information regarding the microstructural 

characteristics of the investigated alloys and the probable reaction of these alloys under mechanical 

loading. This data would enhance the understanding of the results and behavior of the alloys during 

mechanical testing. 

4.4 Torsion test 

4.4.1 Effects of strain rate mechanical response to torsional loading 

The shear stress-shear strain curves of AA2017, AA2024, and AA2624 aluminum alloys in 

different temper conditions (T351/T451, T651, and O) under the high strain-rate torsional loading 

are provided in Figures 4.16 to 4.25. Various strain rates obtained from the different angles of twist 

(ϕ) used in the test have an influence on these curves. For torsional loadings with ϕ=12°, the strain 

rate is more than twice that of the torsional loading with ϕ=4° for all investigated samples. It shows 

that the higher the angle of twist, the higher the strain rate will be. On the other hand, the magnitude 
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of strain rate generated in the aluminum alloys is different for different temper conditions. In 

annealed samples, the generated strain rate is higher than the other investigated temper conditions. 

It is due to the absence of precipitates that contribute to the strengthening and presence of more 

recrystallized grains than deformed ones that contribute to strengthening. In the annealing process, 

the hardness and strength of the material are reduced, and the material becomes more ductile as 

the dislocation annihilation occurs at higher temperatures. A decrease in shear flow stress in 

annealed samples of all alloys was investigated in the shear stress-shear strain curves compared to 

the age-hardened specimens. In these shear stress-shear strain curves, the competition between 

work hardening and thermal softening during the deformation will determine the maximum peak 

shear flow stress [68]. In shear stress-shear strain curves for all test specimens, an initial elastic 

deformation occurs, which is rapidly followed by plastic deformation. 

The final result of the shear stress-shear strain curves of the AA2017, AA2024, and AA2624 

aluminum alloys under high strain rate torsional loading at different temper conditions are 

summarized in Figure 4.16. As in the high strain-rate torsional loading test, the peak flow stress is 

an important factor that resistance to plastic deformation.  

It can be observed that all alloys in O temper condition exhibited the lowest peak flow stress 

compared to the same alloys in aged conditions. AA2624 alloys in O temper condition showed the 

highest peak flow stress of 202 MPa compared to the AA2017 and AA2024 alloys with 186 and 

177 MPa in the same temper condition, respectively. AA2017 and AA2024 alloys in the naturally 

aged condition of T451/T351 have higher peak flow stress than the same alloys in the artificially 

aged condition of T651, whereas AA2624-T651 alloys have higher peak flow stress than AA2624-

T351. Lower peak flow stress in artificially aged AA2017-T651 alloys could be due to over-aging 

of these specimens, which results in a decrease in peak flow stress of these materials. Also, the 

decrease of peak flow stress in AA2024-T651 alloys could be due to the higher susceptibility of 

these alloys to fracture under high strain rate torsional loading. 

In conclusion, AA2024 alloys exhibited highest peak flow stresses in both naturally and artificially 

aged temper conditions. Furthermore, all alloys in O temper condition exhibited lower peak flow 

stresses than the age hardened samples.  
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Figure 4.16. Summary of peak flow stresses of AA2017, AA2024, AA2624 aluminum alloys in 

T451/T351, T651, and O temper conditions under torsional loading using ϕ=12°. 

The result of torsional loading under different angles of twist combined with the discussion over 

each condition is presented in the shear stress-shear strain curves in this subsection (Figure 4.17 

To 4.25). Figure 4.17 shows the deformation behavior of the AA2017-T451 aluminum alloy. As 

the angle of twist changed from ϕ=4° to ϕ=8°, peak shear flow stress and strain rate increased. At 

ϕ=4°, a peak flow stress of 183 MPa was recorded. At ϕ=8°, peak flow stress increased to 281 

MPa and the strain rate increased from 530 /s to 990 /s. As the angle of twist was raised to ϕ=12°, 

the peak flow stress increases to 322 MPa. A sudden drop in peak flow stress follows due to the 

dominance of thermal softening generated as a result of temperature increase in the sample. In 

AA2017-T651 (Figure 4.18), as the angle of twist changed from ϕ=4° to ϕ=8°, shear flow stress 

and the strain-hardening increased significantly. For ϕ=4° and ϕ=8°, the flow stresses are 127 MPa 

and 262 MPa, respectively. When the angle of twist was increased to 12°, less significant increase 

in strain hardening and the flow compared to the other loading conditions in ϕ=4° and ϕ=8° was 

observed. Comparing AA2017-T451 and AA2017-T651, the change in the magnitude of the strain 

has been insignificant. In AA2017-O (Figure 4.19), the peak flow stresses for ϕ=4°, ϕ=8°, and 

ϕ=12° were determined to be 109, 167, and 186 MPa, respectively. It can be observed that the 

shear flow stresses in the annealed specimen are much lower than in the age-hardened samples. 
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These annealed samples also exhibited more ductility than excellent strength compared to the aged 

specimens. 

 

Figure 4.17. Typical shear stress-shear strain curves obtained for AA2017-T451 specimens 

subjected to torsional loading at ϕ=4°, ϕ=8°, and ϕ=12°. 

 

Figure 4.18. Typical shear stress-shear strain curves obtained for AA2017-T651 specimens 

subjected to torsional loading at ϕ=4°, ϕ=8°, and ϕ=12°. 
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Figure 4.19. Typical shear stress-shear strain curves obtained for AA2017-O specimens subjected 

to torsional loading at ϕ=4°, ϕ=8°, and ϕ=12°. 

In the shear stress-shear strain curves of AA2024 alloys, the overall deformation pattern was 

almost the same for the three temper conditions; which means by increasing the angle of twist, the 

strain rate and flow stress increased. Figure 4.20 shows the deformation behavior of the AA2024-

T351 alloy under torsional loadings at different angles of twist. As the angle of twist changes from 

ϕ=4° to ϕ=8° the flow stress increased by 102%, and as the angle of twist changed from ϕ=8° to 

ϕ=12° the flow stress increased only by 10% percent. AA2024-T651 alloy experienced a very 

small peak flow stress in ϕ=4° with the magnitude of 70 MPa comparing to the peak flow stresses 

in higher angles of twist of ϕ=8° and ϕ=12° which reported as 334 and 339 MPa, respectively 

(Figure 4.21). 
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Figure 4.20. Typical shear stress-shear strain curves obtained for AA2024-T351 specimens 

subjected to torsional loading at ϕ=4°, ϕ=8°, and ϕ=12°. 

 

Figure 4.21. Typical shear stress-shear strain curves obtained for AA2024-T651 specimens 

subjected to torsional loading at ϕ=4°, ϕ=8°, and ϕ=12°. 
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Figure 4.22. Typical shear stress-shear strain curves obtained for AA2024-O specimens subjected 

to torsional loading at ϕ=4°, ϕ=8°, and ϕ=12°. 

For AA2024-T651, as the angle of twist changes from ϕ=8° to ϕ=12° the flow stress drops at lower 

strain. Early drop in flow stress could be due to more intense adiabatic heat generation in the 

sample with a bigger angle of twist that results in having a more dominant thermal softening. 

AA2024-O samples showed a bigger strain rate and strain magnitude due to the absence of 

coherent precipitates that contribute to hardening (Figure 4.22).  

Comparing AA2024-T351 and AA2024-T651, the magnitude of generated strain in the naturally 

aged AA2024-T351 is more than that of artificially aged AA2024-T651. It means that the 

artificially aged AA2024 aluminum alloy has lower plasticity than the naturally aged one. The 

brittleness of the artificially aged samples could be as a result of the existence of S phases which 

contribute to a reduction in ductility in Al-Cu-Mg alloys [69]. In AA2624 specimens, the strain 

rate and the flow stress increase by increasing angle of twist without any significant drop in the 

magnitude of peak flow stress. 

 



66 

 

 

Figure 4.23. Typical shear stress-shear strain curves obtained for AA2624-T351 specimens 

subjected to torsional loading at ϕ=4°, ϕ=8°, and ϕ=12°. 

 

Figure 4.24. Typical shear stress-shear strain curves of AA2624-T651 specimens subjected to 

torsional loading at ϕ=4°, ϕ=8°, and ϕ=12°. 
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Figure 4.25. Typical shear stress-shear strain curves obtained for AA2624-O specimens subjected 

to torsional loading at ϕ=4°, ϕ=8°, and ϕ=12°. 

The artificially aged AA2624-T651 showed slightly more strength and a higher peak flow stress 

than the naturally aged AA2624-T451 alloy (Figure 4.23). By comparing the AA2624-T651 and 

AA2624-T351 alloys, a higher strain rate was observed in the naturally aged alloys. It can be 

concluded that the artificially aged AA2624-T651 has a better deformation resistance than the 

naturally aged AA2624-T351 samples. Although the peak flow stress is remarkably less than aged 

samples, AA2624-O alloy has experienced a peak during strain hardening in the loading condition 

with ϕ=12° (Figure 4.25). It reached the value of 202 MPa, which is slightly higher than the peak 

flow stress for other alloys with the same temper condition. AA2624-O showed higher strain and 

strain rate values due to their lower mechanical strength and the absence of precipitates that 

contribute to hardening. The stress increases after the strain of 0.6 could result from dislocation 

multiplication that leads to strain hardening of the sample. 

 

 

 



68 

 

4.4.2 Effects of the temper condition on dynamic mechanical response 

4.4.2.1 AA2017 Aluminum alloy 

In age hardenable series of aluminum alloys, the nature of the precipitates directly influences the 

work hardening behavior  [1].  In the precipitation sequence, whether the precipitates are coherent, 

semi-coherent, or incoherent with the aluminum matrix, an atomic plane can affect the response 

of these aluminum alloys to deformation [1][70]. The shear stress-shear strain and the SHR curves 

in Figures 4.26 to 4.34 show the response of the AA2017, AA2024, and AA2624 aluminum alloys 

under the torsional loading with different angles of twist of ϕ=4°, ϕ=8°, ϕ=12°. 

The results of high strain rate torsional loading with ϕ=4° in AA2017 alloys (Figure 4.26(a)) 

illustrate that AA2017-T451 has a higher peak flow stress than the alloy in the other temper 

conditions. The peak flow stress for AA2017-T451 is 183 MPa magnitude, while the peak flow 

stress for AA2017-T651 and 2017-O are 127 MPa and 109 MPa, respectively. Also, the SHR curve 

for AA2017-T451 (Figure 4.26(b)) exhibit a peak after the yield point, followed by a drop, which 

implies the strain hardening became dominant, and then the thermal softening overcame the strain 

hardening effect result in a drop in the magnitude of the SHR. In the annealed samples, the SHR 

drops quickly after yielding without the formation of any further peak. It explains the lower peak 

flow stress in the annealed samples. 
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Figure 4.26. (a) shear stress-shear strain curves and (b) strain hardening rate curves of AA2017 

aluminum alloy at temper conditions of T451, O, and T651 under torsional loading with ϕ=4°. 

Comparing the AA2017-T451 and AA2017-T651 under loading condition using ϕ=8° (Figure 

4.27(a)), it can be observed that that AA2017-T451 alloy has a higher peak flow stress. The strain 

rate for AA2017-T451 is  990/s, which is lower than that for artificially aged AA2017-T651 alloy, 

which is 1140. This means that AA2017-T451 has better resistance to deformation when deformed 

using this angle of twist. However, AA2017-T651 has a slightly steeper hump (Figure 4.27(b)), 

which means a better SHR after the yield point. 
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Figure 4.27. (a) shear stress-shear strain curves and (b) strain hardening rate curves of AA2017 

aluminum alloy at temper conditions of T451, O, and T651 under torsional loading with ϕ=8°. 

AA2017-O alloy, deformed at torsional loading using ϕ=8° (Figure 4.27(a)), has a lower peak 

shear flow stress compared to the aged samples, but with an maximum strain of near 0.36, which 

is higher than the aged specimens. It means that annealed specimen exhibited better ductility. 
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Figure 4.28. (a) shear stress-shear strain curves and (b) strain hardening rate curves of AA2017 

aluminum alloy at temper conditions of T451, O, and T651 under torsional loading with ϕ=12°.  

Shear stress-shear strain curve for AA2017 alloys under torsional loading using an angle of twist 

of ϕ=12° (Figure 4.28(a)) shows that AA2017-T451 has the highest peak flow stress among the 

three temper conditions of this alloy. The lower strength of AA2017-T651 compared to AA2017-

T451 could be due to overaging during the heat treatment process. AA2017-O alloy exhibited 

much lower peak flow stress compared to the aged samples due to the absence of precipitates like 

𝜃′′ and 𝜃′ which result in strengthening. Furthermore, the resistance to plastic deformation would 

be less in the annealed sample, resulting in higher strain rates. 
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Figure 4.28(b) indicate peaks in the SHR curves for both AA2017-T451 and AA2017-T651 alloys. 

The AA2017-T451 has a steeper peak which means the SHR in this sample is higher. The plateau 

pattern in the SHR curves of all samples means there is a balance between strain hardening and 

thermal softening that keeps the graphs in a stable horizontal trend until the thermal softening 

becomes dominant and the SHR drops. It can be observed that thermal softening becomes 

dominant in AA2017-T451at lower strains compared to the other temper conditions. 

In conclusion, for the AA2017 specimens, AA2017 at naturally aged condition offered a better 

strength under torsional loadings at all angles of twist, and the annealed AA2017 has the lowest 

strength due to its lower mechanical properties. 

4.4.2.2 AA2024 Aluminum alloy 

The Shear stress-shear strain curves for AA2024 alloys under high strain rate torsional loading 

using ϕ=4° (Figure 4.29(a)) show that this alloy in naturally aged condition (T351) exhibits much 

higher flow stress than the other two temper conditions. Also, a strain rate of 480/s was generated 

in AA2024-T351. This is lower than AA2024-T651 and AA2024-O, which are  500/s and 510/s, 

respectively. This explains the higher flow stress in the naturally aged alloy as it exhibits less 

resistance to deformation. SHR curve for AA2024-T651 alloy (Figure 4.29(b)) shows a sudden 

drop in SHR followed by an increase due to strain hardening, which created a peak and again 

another drop to the point where SHR becomes negative. An increase in SHR in this alloy after 

yielding could be due to the multiplication of dislocations. The thermal softening is because of the 

conversion of about 90% of torsional loading energy into heat, which increases the temperature of 

the test samples during high strain rate torsional loading. 

The Shear stress-shear strain curve for AA2024 alloys deformed with the ϕ=8° (Figure 4.30(a)) 

shows that peak flow stresses and maximum strains increased significantly compared to the same 

alloy deformed using the ϕ=4°. Both AA2024-T351 and AA2024-T651 have almost the same peak 

flow stress, but the maximum strain for the AA2024-T651 is smaller. Also, the area under the 

curve of AA2024-T351 is bigger than that of the AA2024-T651, which means it exhibited better 

toughness.  
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Figure 4.29. (a) shear stress-shear strain curves and (b) strain hardening rate curves of AA2024 

aluminum alloy at temper conditions of T351, O, and T651 under torsional loading with ϕ=4°.  

SHR curve for AA2024-T351 and AA2024-T651 specimens (Figure 4.30(b)) shows almost the 

same pattern peak at low strain, whereas there is no peak in the SHR curve for the AA2024-O 

alloy. Furthermore, all alloys showed a plateau due to the balance between strain hardening and 

thermal softening followed by a drop as the thermal softening has become dominant. 
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Figure 4.30. (a) shear stress-shear strain curve and (b) strain hardening rate curve of AA2024 

aluminum alloy at temper conditions of T351, O, and T651 under torsional loading with ϕ=8°.  

It can be observed from the shear stress-shear strain curves for ϕ=12° (Figure 4.31(a)), that 

artificially aged AA2024-T651 has the highest strength compared to the naturally aged and 

annealed AA2024 alloy. However, the generated maximum strain in AA2024-T651 is much lower 

than in other temper conditions, and some of the specimens failed.  
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Figure 4.31. (a) shear stress-strain curves and (b) strain hardening rate curves of AA2024 

aluminum alloy at temper conditions of T351, O, and T651 under torsional loading with ϕ=12°.  

AA2024-T651 sample fractured when deformed using ϕ=12°. This could be due to the presence 

of excessive S phases, which contribute to fracture of Al-Cu-Mg aluminum alloy like AA2024 

[69]. Observation of the SHR curve of AA2024 specimens (Figure 4.31(b)) shows the generation 

of the peak at the AA2024-T351 and AA2024-T651. The hump in AA2024-T651 alloy has been 

sharper with a higher magnitude, which means a higher SHR has been generated in AA2024-T651 

than AA2024-T351. However, the SHR curve drops to the negative region at a much lower strain 

in AA2024-T651 compared to the AA2024-T351 alloy. It means that thermal softening has 

become dominant at a lower strain in the artificially aged AA2024.  



76 

 

4.4.2.3 AA2624 Aluminum alloy 

Shear stress-shear strain curves of AA2624 alloy under high strain torsional loading using ϕ=4° 

are presented in Figure 4.32(a). AA2624-T351 and AA2624-T651 exhibit slightly the same 

deformation patterns, although AA2624-T651 exhibited slightly higher peak flow stress. AA2624-

O has a much lower peak flow stress due to its lower mechanical properties. However, the 

AA2624-O sample exhibits better ductility since the total strain is higher. The SHR curves in 

Figure 4.32(b) show no peak in the aged specimen nor in the annealing one. It could be because 

strain hardening could not overcome the thermal softening effect as not much dislocation 

multiplication occurred due to a small magnitude of strain rates. 

The Shear stress-shear strain curves of AA2624 under torsional loading with ϕ=8° (Figure 4.33(a)) 

shows a much higher strain compared to the loading condition using ϕ=4°. The aged-hardened 

samples of AA2624-T351 and AA2624-T651 exhibited almost the same peak flow stress. The 

AA2624-O alloy also exhibits lower peak flow stress, with the total strain that is significantly 

higher than those of the aged samples. 
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Figure 4.32. (a) shear stress-shear strain curves and (b) strain hardening rate curves of AA2624 

aluminum alloy at temper conditions of T351, O, and T651 under torsional loading with ϕ=4°.  

The SHR curves in Figure 4.33(b) show the generation of a smooth hump for AA2624-T651, 

which subsequently drops to the stable state (plateau), where work hardening and thermal 

softening are balanced. Finally, a drop to the negative magnitude occurred as thermal softening 

became dominant. It can be concluded that the AA2624-T651 has an excellent combination of 

strength and ductility compared to the naturally aged AA2624-T351 alloy, although the former has 

more SHR at the beginning of the deformation. 

Figure 4.34(a) shows the shear stress-shear strain curves of AA2624 alloys under torsional loading 

with ϕ=12°. The aged specimens of AA2624-T351 and AA2624-T651 have shown similar 
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deformation patterns. The final thermal softening occurred earlier in the AA2624-T351 alloy 

compared to the AA2624-T651 alloy. AA2624-O exhibited significantly higher total strain 

compared to the aged samples. Furthermore, strain hardening becomes dominant at around strain 

of 0.6, which is followed by a drop, indicating the point at which thermal softening became 

dominant again. AA2624-O is the only annealed sample that showed further strain hardening of 

all the annealed AA2017 and AA2024 test specimens. 

 

Figure 4.33. (a) shear stress-shear strain curves and (b) strain hardening rate curves of AA2624 

aluminum alloy at temper conditions of T351, O, and T651 under torsional loading with ϕ=8°.  

The SHR curve for AA2624 alloys under torsional loading with ϕ=12° is presented in Figure 

4.34(b). The aged samples of AA2624-T351 and AA2624-T651 have shown a peak, followed by 
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a drop due to thermal softening. The peak generated in the artificially aged sample is slightly higher 

than for the naturally aged AA2624 alloy, which means more dominant strain hardening has 

occurred. By comparing the age-hardened AA2624 alloys, it can be observed that thermal 

softening became permanently dominant at a lower strain in the naturally aged alloy (AA2624-

T351). 

 

Figure 4.34. shear stress-shear strain curves and (b) strain hardening rate curves of AA2624 

aluminum alloy at temper conditions of T351, O, and T651 under torsional loading with ϕ=12°. 



80 

 

4.4.2.4 Comparison of the torsional behavior of the three alloys 

shear stress-shear strain curves of the same temper conditions were organized in the same graph 

to compare the effect of temper conditions on the torsional behavior of the investigated aluminum 

alloys. These graphs are compared at a higher angle of twist (ϕ=12°) to observe the results at higher 

strain rates. In the as-received naturally aged condition (Figure 4.35), AA2024-T351 alloy has 

shown the highest flow stress, whereas AA2624-T351 exhibited lower flow stress than the other 

two alloys. Data obtained from the EBSD maps showed more deformed grains, more stored 

energy, and bigger grain size for AA2624-T351 alloy. Although more stored energy and deformed 

fraction contribute to the hardening of the sample, the effect of bigger grains which result in less 

strength, seems to be more dominant in the AA2624-T351, and it exhibited the lowest strength in 

the shear stress-shear strain curve in Figure 4.35. A higher strain rate in AA2624-T351 also is due 

to its lower deformation resistance than the other two alloys. 

 

Figure 4.35. shear stress-shear strain curves of all investigated alloys in T351/T451 temper 

conditions using ϕ=12°. 

In Figure 4.36, the torsional response of the investigated aluminum alloys in T651 temper 

conditions are compared. From the curves, it can be observed the AA2024-T651 alloy has a lower 

strain than the other alloys. After reaching the peak flow stress of 339 MPa, this alloy experiences 

a dominant thermal softening followed by the specimen’s failure. This could be due to the 



81 

 

excessive formation of the S phases, which are said to contribute to the sample's brittleness [69]. 

On the other hand, AA2624-T651 alloy is exhibiting slightly better strength and less strain rate 

due to more deformation resistance in this sample. It should be mentioned that no failure occurred 

in the AA2017-T651 and AA2624-T651. 

 

Figure 4.36. shear stress-shear strain curves of all investigated alloys in T651 temper conditions 

using ϕ=12°. 

In Figure 4.37, the mechanical response of the alloys in O temper conditions are compared. It 

shows that AA2024-O and AA2017-O have almost the same flow stress, whereas AA2624-O 

exhibits much less strength and more ductile behavior. The total strain is more than twice compared 

to those of the other two investigated alloys. Also, at the strain of 0.6, where AA2017-O and 

AA2024-O experienced thermal softening, flow stress at AA2624-O started to increase to a peak 

value of 202 MPa at a strain with the value of 0.76 followed by excessive thermal softening. Strain 

rates in annealed samples are relatively much higher than those that are naturally or artificially 

aged due to their weaker mechanical properties and less resistance to deformation than the aged 

specimen. 
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Figure 4.37. shear stress-shear strain curves of all investigated alloys in Annealed (O) temper 

conditions using ϕ=12°. 

4.5 Microstructural evolution of the test specimens after mechanical loading 

After exposure to high strain rate loading, the deformed aluminum alloys were prepared for 

microstructural examinations. They were sectioned parallel to the axis of the hollow cylindrical 

samples. Microscopic examinations were made on the thin wall part in the middle of the sectioned 

torsional specimens, where the high strain-rate deformation occurred (Figure 4.38). Both optical 

and scanning electron microscopes were used to investigate polished and etched sections of the 

specimens deformed at the angle of twist (ϕ) of 8° and 12°.  

 

Figure 4.38. Photograph and schematic showing sectioning of test specimens used for 

microstructural investigation.  
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4.5.1 Deformed AA2017 alloy 

Figures 4.39(a)&(b) show the optical micrographs of the deformed AA2017-T451 aluminum alloy. 

It can be observed that for both ϕ=8° and ϕ=12°, the second phase particles clustered together and 

form an elongated irregularly shaped particle in the aluminum-rich matrix. In the optical 

micrographs, the particles are observed to be more dispersed within the aluminum matrix in ϕ=8°, 

whereas in ϕ=12°, the particles are less dispersed. As the grains and grain boundaries cannot be 

detected, it is difficult to conclude whether the grains have elongated or not. Under the scanning 

electron microscope, clustering, and elongated shape of the particles can be more clearly seen 

(Figure 4-40(a)&(b)). The elongated shape is due to the alignment of second phase particles in the 

shear flow direction [1][71]. Observation of the shape of the second phase particles in specimens 

deformed using ϕ=12° reveals that the coarse, second phase particles are more elongated compared 

to the specimens deformed with ϕ=8°. It could be due to the generation of higher strain rate in the 

loading with ϕ=12°, and more second phase particles cluster together as they aligned in the shear 

flow direction. In AA2017-T451, no localized deformation was observed, and the deformations 

appear to be relatively homogenous. 

 

Figure 4.39. Optical micrographs of AA2017-T451 after torsional loading using (a) ϕ=8° (b) 

ϕ=12°.  
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Figure 4.40. SEM micrographs of AA2017-T451 after torsional loading using (a) ϕ=8° (b) ϕ=12°. 

Figures 4.41 and 4.41 includes the micrographs of artificially aged AA2017-T651 deformed using  

ϕ=8° and ϕ=12° after high strain rate torsional loading. In the optical micrographs of the AA2017-

T651 in Figure 4.41(a) and 4.41(b), fewer particles align with the shear flow direction than the 

naturally aged sample. It could be due to more resistance to deformation in the artificially aged 

AA2017-T651 than the previous naturally aged AA2017-T451 alloy. 
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Figure 4.41. Optical micrographs of AA2017-T651 after torsional loading using (a) ϕ=8° (b) 

ϕ=12°. 

SEM micrograph of AA2017-T651 after deformation using ϕ=8° (Figure 4.42(a)) shows the lower 

density of second phase particles and less clustering compared to the deformed specimens using 

ϕ=12° (Figure 4.42(b)). For loading with ϕ=8°, second phase particles partially align with the shear 

flow direction whereas, for specimen deformed using ϕ=12°, second phase particles intensely 

cluster together and form very coarse clusters. These coarse particles do not exhibit elongated 

shapes and are not aligned in the shear flow direction. As a result, the formation of these coarse 

particles might be due to the generation of heat during torsional loading at a higher strain rate that 

increases the mobility of the second phase particles due to matrix softening with enhanced 

coalescence and clustering of the second phase articles [72]. 

Figures 4.43 and 4.44 show optical micrographs and SEM of the AA2017-O aluminum alloy after 

deformation. An optical micrograph of these samples (Figure 4.43) shows second phase particles 

spread all over the aluminum matrix. More intense clustering can be observed for specimen 

deformed using ϕ=12° (Figure 4.43(b)). It could be due to thermal softening that contributes to 

increasing the mobility of the second phase particles and subsequently clustering of those particles.  
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Figure 4.42. SEM micrographs of AA2017-T651 after torsional loading using (a) ϕ=8° (b) ϕ=12°. 

 

Figure 4.43. Optical micrographs of AA2017-O after torsional loading using (a) ϕ=8° (b) ϕ=12°. 

The formation of the second phase particles along the grain boundaries can be observed in SEM 

micrographs of the deformed AA2017-O alloy after high strain-rate torsional loading using ϕ=12° 

(specified with white arrows in Figure 4.44). These particles were observed mostly in white colors 

and have various irregular shapes. The composition of these particles within the grain boundaries 
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is unknown, and electron dispersive spectroscopy (EDS) is needed to detect them. No elongation 

was observed in the particles, and the particles with irregular shapes dispersed within the aluminum 

matrix and the grain boundaries. Along the grain boundaries, the HF-containing etching solution 

has attacked some of the bigger second phase particles, and they appeared as grooves (specified 

with white arrow in Figure 4.44) in the micrographs (Figure 4.44). No adiabatic shear band was 

observed in the micrograph of the AA2017-O sample, suggesting that the deformation is relatively 

homogenous. 

 

Figure 4.44. SEM micrographs of AA2017-O after torsional loading using ϕ=12°. 

4.5.2 Deformed AA2024 alloy 

Micrographs of AA2024 aluminum alloys in temper conditions of T351, T651, O after mechanical 

deformation under high strain rate torsional loading are provided in Figures 4.45 to 4.50. Because 

all tested artificially aged AA2024-T651 failed during the high strain-rate loading at for ϕ=12°, 

more micrographs are provided in different parts of the broken samples. The results of the 

fractographic examination of these samples are also included.  

Micrographs of AA2024-T351 in Figure 4.45 show intense clustering of the irregularly shaped 

particles. These particles seem to align in shear flow direction for both ϕ=8° and ϕ=12°. Second 

phase particles in AA2024-T351 alloy before loading were also coarse. However, before loading, 

clusters are spherical and pyramidal-shaped. After loading, the clusters have more irregular shapes. 



88 

 

 

Figure 4.45. SEM micrographs of AA2024-T351 after torsional loading using (a) ϕ=8° (b) ϕ=12°. 

 

Figure 4.46. Optical micrographs of AA2024-T651 after torsional loading using (a) ϕ=8° (b) 

ϕ=12°. 

Figures 4.46 and 4.47 shows the micrographs of artificially aged AA2024-T651 alloy after 

imposing torsional loading using ϕ=8° and ϕ=12°. It can be observed from the optical micrographs 

(Figure 4.46(a) and 4.48(b)) that second phase particles are widely dispersed within the aluminum 
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matrix. The elongation of the second phase particles can not be confirmed. It could imply that 

AA2024 alloy in artificially aged conditions has a higher resistance to plastic deformation and a 

higher tendency to brittle failure than the naturally aged AA2024-351 alloy. That could be the 

reason for the failure of this sample using ϕ=12°. SEM investigations of the AA2024-T651 alloys 

(Figure 4.47(a) and 4.47(b)) indicate the clustering of the black and white second phase particles, 

some of which occur along the grain boundaries (ϕ=8° and ϕ=12°).  

 

Figure 4.47. SEM micrographs of AA2024-T651 after torsional loading using (a) ϕ=8° (b) ϕ=12°. 

AA2024-T651 alloy under loading condition with ϕ=12°, the intensity of particles clustering is 

much more than in the loading condition with ϕ=8°. It could be due to more heat generated during 

the application of load at a higher strain rate and more tendency for the second phase particles to 

cluster while they are more mobile. In the micrographs of the test specimens deformed using ϕ=12° 

(Figure 4.47(b)), precipitation along grain boundaries was observed. This type of precipitation was 

observed more in the annealed samples, in which low strength was observed. Therefore, 

precipitates aligning along grain boundaries could be the reason for lower resistance to 
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deformation and fracture observed for AA2024-T651. Also, no grain elongation, or alignment of 

second phase particles in shear flow direction were observed for any of these two loading 

conditions. 

The micrographs of the regions adjacent to the fracture surface of the fragmented AA2024-T651 

alloy are taken using scanning electron microscopy. These micrographs are provided in Figure 4-

48. It can be observed that small precipitates around the fracture aligned in the direction of the 

shear flow. These particles from the upper part shifted to the right, and the bottom section shifted 

to the left side. The grain boundaries are also partly visible, and they have elongated to the direction 

of the shear flow in both the top and bottom parts of the sample. There are also irregularly shaped 

white second phase particles around the fracture which are filled with voids. In a study on 

microstructure evolution of 7075 aluminum alloy after tensile test, Lin Hua [73] observed white 

particles filled with voids between them and suggested that they are brittle coarse S phase pieces 

that break into pieces during tensile deformation rather than elongation. Further from the fracture 

point, the microstructure of the second phase particles is different and they look like the 

micrographs in Figure 4.47. 

 

Figure 4.48. SEM micrographs showing the (a) upper section (b) lower section of the broken 

AA2024-T651. 
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AA2024-T651 alloy under high strain rate torsional loading with the ϕ=12° broke in the direction 

perpendicular to the rolling direction of the specimens. Fractography of one of these samples was 

conducted using scanning electron microscopy (SEM). In Figure 4.49, micrographs of the fracture 

surface are provided in different magnifications. Elongated dimples in the direction of shear flow 

were observed. Elongated dimple is characteristic of the ductile shear fracture. It can be concluded 

that the AA2024-T651, under a high strain rate torsional loading using ϕ=12°, experienced a 

ductile fracture. 

 

Figure 4.49. SEM micrographs of fracture surface of the AA2024-T651, showing ductile shear 

fracture.  

Figure 4.50 shows the microstructural evolution in the AA2024-O alloy under torsional loading 

with the ϕ=12°. Formation of second phase particles along the grain boundaries can be observed. 

Second phase particles in AA2017-O subjected to high strain rate torsional loading also exhibited 

a similar pattern. However, the intensity of precipitation at the grain boundaries in the AA2024-O 

sample is higher than in the AA2017-O sample. This may be the explanation for the AA2024-O 
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showing lower strength than AA2017-O (Figure 4.37) as it is suggested that grain boundary 

precipitation causes the weakening of an alloy [1]. 

 

Figure 4.50. SEM micrographs of AA2024-O after torsional loading using ϕ=12°. 

4.5.3 Deformed AA2624 alloy 

The typical micrographs of AA2624 aluminum alloy after torsional loading are provided in Figures 

4.51 and 4.52. In AA2624-T351 alloy, finely dispersed second-phase particles within the 

aluminum matrix can be observed in the microstructure (Figure 4.51) after deformation using ϕ=8° 

and ϕ=12°. The precipitates in both loading conditions did not align in the direction of the shear 

flow. That could be due to the higher resistance of this specimen against deformation. Also, no 

precipitation along grain boundaries was observed as in the annealed samples of AA2017 and 

AA2024 alloys. Some partial clustering of the second phase particles can be observed for both 

loading conditions (ϕ=8° and ϕ=12°). However, compared to the other two aluminum alloys 

subjected to similar loading conditions, the size of these second-phase articles is much smaller in 

the AA2624-351 alloy. 

Micrographs of AA2624 aluminum alloy in the artificially aged condition (T651) after high strain 

rate torsional loading at ϕ=12° are provided in Figure 4.52(a). In the SEM micrographs of 

AA2624-T651, some partial clustering can be observed along some specific paths, indicated by 

white arrows in Figure 4.53(a). It could be due to the localized heat within the sample that has 

made the second phase particle more mobile, resulting in clustering at those regions. 
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Figure 4.51. SEM micrographs obtained for a specimen of AA2624-T351 after torsional loading 

using (a) ϕ=8° (b) ϕ=12° 

Scanning electron microscopic investigation of the AA2624-O aluminum alloy after torsional 

loading using ϕ=12° shows dispersed needle-like precipitates within the aluminum matrix (Figure 

4.52(b)). In AA2624-O, grain boundaries are not as visible as they are in the other annealed 

aluminum alloys; therefore, it is hard to say if the grains are elongated or not. The formation of 

precipitates along grain boundaries can be observed within the matrix. However, these particles 

are finely dispersed along grain boundaries, whereas in AA2017-O and AA2024-O second phase 

particles clustered along the grain boundaries. The less clustering in the AA2624-O sample could 

be due to the lack of Si in the alloy, content which contributes to clustering [66]. Furthermore, 

bigger clusters were observed within the matrix of AA2624-O alloy. Hau [73] suggested that these 

coarse particles are S phase constituents (𝐴𝑙2𝐶𝑢𝑀𝑔) that seem to be brittle and break into pieces 

along the tensile direction. In the micrographs shown in Figure 4.52(b) broken white clusters can 

be observed within the matrix (specified with white arrows). These brittle particles may also be 
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the reason for further increase in peak flow stress in AA20624-O compared to the AA2017-O and 

AA2024-O aluminum alloys (Figure 4.37). 

 

Figure 4.52. SEM micrographs obtained for specimens of (a) AA2624-T651, and (b) AA2624-O 

alloys after torsional loading using ϕ=12° 

4.5.4 Microstructure on transverse section 

The observation of the microstructural evolution in the investigated aluminum alloys at different 

temper conditions under torsional loading at ϕ=8° and ϕ=12° angles of twist reveals that the 

deformation is relatively homogenous in all specimens and there is no sign of localized 

deformation within the matrix of the alloys. To further confirm no strain localization leading to 

the occurrence of adiabatic shear bands, some of the specimens were sectioned in the direction 

perpendicular to the axis on the cylindrical test specimens. Furthermore, the etching time was also 

increased by 2-3 seconds to see if the micrographs would exhibit more of the grain boundaries. 

Partial clustering 

GB particles 

Broken particle 



95 

 

 

Figure 4.53. Photograph and schematic showing sectioning of test specimens in the direction 

perpendicular to the axis of the cylindrical test specimen  

The microstructures on the transverse section of the AA2017-T451 subjected to high strain rate 

torsional loading (Figure 4.54(a)) also reveal no trace of strain localization leading to the formation 

of adiabatic shear bands. Deformations are relatively homogenous. Second phase particles had the 

same pattern of clustering as observed along the longitudinal section. The second phase particles 

clustered to form irregular shapes, and they align in the shear flow direction. 

Micrographs obtained from scanning electron microscopy of the AA2024-O alloy after torsional 

loading on the transverse section (Figure 4.54(b)) show precipitation of second phase particles 

along grain boundaries as previously observed on the longitudinal section. No grain elongation 

was observed in this deformed sample, and the second phase particles did not align in the shear 

flow direction. After etching for a longer time, the grain boundaries for the AA2024-O sample 

became more visible. However, this procedure didn't make any difference on the visibility of the 

grain boundaries in aged samples.  

SEM Micrographs of the AA2624-T651 under torsional loading with ϕ=12° on the transverse 

section are provided in Figure 4.55. In this specimen, spherical second phase particles are mostly 

finely dispersed within the aluminum-rich matrix. Clustering is observed around a specific line 

indicated with a white arrow. This could be the initiation of strain localization that could lead to 

the formation of a shear band at that area due to high localized thermal softening. Clustering in 
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that area could also be due to the increase in the mobility of the second phase particles and their 

tendency to form clusters. 

 

Figure 4.54. SEM micrographs of (a)AA2017-T451, (b) AA2024-O alloys after torsional loading 

using ϕ=12° 

 

Figure 4.55. SEM micrographs of AA2624-T651 alloy after torsional loading using ϕ=12° 
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CHAPTER 5  

 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Summary  

The dynamic mechanical responses of AA2017, AA2024, AA2624 aluminum alloys under high 

strain-rate torsional loading were investigated. Machined test specimens of each alloy were divided 

into three groups. One group was tested in the as-received naturally aged conditions (T351 or 

T451). One group was annealed to obtain O temper, while the last group was artificially aged to 

obtain T651 temper. The heat treatment processes were carried out to determine the effect of 

temper conditions on the dynamic mechanical response of the alloys under high strain-rate 

torsional loading. All the three groups of alloys were subjected to high strain-rate torsional loading 

using angles of twist (ϕ) 4°, 8°, and 12°. Instrumented torsional split Hopkinson bar was used for 

the mechanical test. The results obtained from this test are presented in the form of shear stress-

shear strain and strain hardening rate curves and discussed in this thesis. Results showed higher 

strength for the age-hardened alloys, whereas, in annealed specimens, higher ductility and less 

strength were observed. The AA2024 alloy in artificially aged condition experienced failure at 

ϕ=12°, while others did not. 

Optical microscopy (OM) and scanning electron microscopy (SEM) were used to observe the 

morphology of the second phase particles in the alloys before and after the mechanical loading. 

The micrographs of aged AA2017 and AA2024 alloys exhibited clustering, forming elongated 

clusters that align in the shear flow direction. In the aged AA2624 alloy, fine second phase particles 

remain after mechanical loading. Electron backscatter diffraction (EBSD) was used to obtain more 

detailed information about the microstructure of the as-received alloys. Results obtained from the 

post-processing of the raw EBSD data are also presented and discussed. Energy dispersive 

spectroscopy (EDS) was conducted to detect the composition of the second phase particles 

observed in the micrographs. 
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5.2 Conclusions 

The conclusions drawn from this project are: 

1. The plastic deformation of AA2017, AA2024, and AA2624 aluminum alloys under high 

strain-rate torsional loading is relatively homogenous in the three investigated temper 

conditions. There is no evidence of shear strain localization leading to adiabatic shear 

banding. 

2. At the highest strain rate (ϕ=12°), Al-Cu-Mg alloys (AA2024 and AA2624) exhibited 

higher strength than the Al-Cu alloy (AA2017) in the artificial age condition (T651).  

3.  In a naturally aged condition, AA2024 has the highest strength among all three alloys, and 

AA2624 has the lowest strength under the same loading condition. 

4. Natural-aged AA2017 under high strain rate torsional loading using ϕ=12° exhibited higher 

strength compared to the artificially aged sample. Furthermore, naturally aged AA2017 has 

the highest strength among all three temper conditions. 

5. Artificially aged AA2024 alloy is more prone to fracture than the other two alloys. 

However, AA2024 has higher plasticity and strength in the naturally aged temper 

condition. 

6. Observation of the fracture surface of the AA2024-T651 alloy revealed that the failure 

occurred by ductile fracture as elongated dimples were observed in the fractographs. 

7. The strength of the AA2624 alloy increased after the artificial aging process without 

showing an decrease in ductility as observed for the AA2024 alloy. 

5.3 Recommendations for future work 

1. The structure and morphology of the ultra-fine precipitates which contribute to 

precipitation hardening should be analyzed before and after mechanical loading using 

transmission electron microscopy (TEM) to observe the response of these precipitates at 

high strain rates. 

2. Observation of the deformed samples after mechanical loading using electron backscatter 

diffraction (EBSD) technique would exhibit more detailed information about the evolution 

of the grain structure, which can contribute to understanding the mechanism of deformation 

of the investigated aluminum alloy under high strain rate torsional behavior. 
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3. Since AA2624 is a newly-developed alloy, more studies on the damage mechanism of this 

alloy are needed under different loading and temper conditions. 
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