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ABSTRACT 

 

One of the most important strategies for improving fuel efficiency and reducing anthropogenic 

emissions is vehicle lightweighting by the use of lightweight materials such as Mg and Al alloys 

in the automotive industry. The structural application of these alloys inevitably requires the 

mechanical properties and their continuous performance improvement to meet the increasingly 

stringent safety and durability requirements. An effective method to enhance the deformation 

resistance is to alloy with rare-earth (RE) elements for Mg alloys or develop composites with the 

addition of reinforcement for Al alloys. The objective of this dissertation was to identify the 

effects of RE element and carbon nanotube (CNT) reinforcement on the deformation behavior, 

focusing mainly on the deformation mechanisms. The deformation behavior of a RE-free 

extruded AZ31 Mg alloy was first studied. It was observed that the propagation of distinct twin 

variants led to the confinement of the spaces constrained by the fine twin lamellas. Various 

double twinning structures acknowledged through atomistic simulations were experimentally 

observed via progressive electron backscatter diffraction (EBSD) analyses during stepwise 
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compression. The vanishing of primary 1211  embryonic twins via the nucleation and growth of 

either single or multiple  2110  secondary extension twins was detected, and two new ladder-like 

and branching-like twin-twin interaction phenomena were observed. Then a low-RE containing 

Mg alloy was exploited via texture and cyclic deformation studies. The addition of 0.2 wt.% Nd 

in ZEK100-O Mg alloy led to a weaker basal texture in comparison with AZ31 Mg alloy. 

Fatigue life of ZEK100 alloy was longer than that of AZ31 alloy, due to a good combination of 

strength with ductility. Asymmetry of hysteresis loops was improved because of texture 

weakening and grain refinement, however anelastic behavior largely remained arising from the 

presence of twinning and detwinning. The last investigation involved deformation behavior of 

CNT reinforced Al composites where the addition of 2.0 wt.% CNT in a 2024Al alloy led to 

considerable grain refinement. Deformation resistance of the composite was effectively 

enhanced due to CNT load transfer, Hall-Petch strengthening, thermal mismatch and Orowan 

looping. In a nutshell, this work constitutes a valuable benchmark for understanding the factors 

affecting the performance of two lightweight alloys in the automotive and aerospace applications. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background and motivation 

 

Because of the huge environmental concerns and mounting global energy demands in the 

transportation industry, vehicle lightweighting has been recently recognized as one of the most 

important methods to improve fuel efficiency and reduce anthropogenic climate-changing and 

human death-causing
1

 emissions [1-5]. Passenger vehicles, usually thought as the least 

detrimental ones, are reported to be among the most abundant and diverse means of 

transportation [6,7]. Hence, finding alternatives to reduce their fuel consumption has been of 

major interest, attracting a great deal of research curiosity, especially since fuel efficiency was 

found to be ameliorated by ~6-8% for each 10% weight reduction [8]. In this context, 

lightweight alloys such as Mg and Al have been of tremendous interest as well as factors mainly 

affecting the enhancement of their mechanical properties, such as rare earth (RE) microalloying 

and carbon nanotube (CNT) reinforcement.  

 

Mg alloys represent attractive alternatives because of their low density, high strength-to-weight 

ratio [9], and superior damping capacity [10]. Nevertheless, several constraints are faced in their 

applications, including high directional anisotropy and poor formability at room temperature 

                                                 
1
 According to Science News entitled “Air pollution kills 7 million people a year” on March 25, 2014 at 

http://www.sciencemag.org/news/sifter/air-pollution-kills-7-million-people-year: “Air pollution isn’t just harming 

Earth; it’s hurting us, too. Startling new numbers released by the World Health Organization today reveal that one in 

eight deaths are a result of exposure to air pollution. The data reveal a strong link between the tiny particles that we 

breathe into our lungs and the illnesses they can lead to, including stroke, heart attack, lung cancer, and chronic 

obstructive pulmonary disease.” 

http://www.sciencemag.org/news/sifter/air-pollution-kills-7-million-people-year
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(RT). The development of strong preferred orientation (or texture) in the deformation process 

leads to the tension-compression yield asymmetry and mechanical anisotropy in the wrought Mg 

alloys [11], due to the hcp crystal structure and the limited deformation modes [12]. Both 

tension-compression yield asymmetry and RT formability could be effectively improved via 

alloy composition adjustment, by adding RE elements [13] due to their tendency to induce 

texture randomization during hot processes, leading to the decrease of texture intensities [14]. 

RE elements were also reported to alternate the bonding energy between Mg and RE atoms, thus 

increasing the possibility of non-basal slip and inhibiting deformation twinning [15]. Detailed 

information of such RE-Mg alloys under dynamic cyclic loading condition is still lacking and it 

is unclear how RE-elements impact the tensile-compressive yield asymmetry generally occurring 

in RE-free extruded Mg alloys, and to what extent the RE addition would affect the fatigue life.  

 

Lightweight automotive applications have also been relying on Al alloys. For instance, 

powertrain components require alloys with high thermal stability such as Al and there is a 

continuous need to increase their service temperature limit [16]. Therefore, to maintain the 

desired strength of the alloy at increased temperatures, aluminum matrix composites (AMCs) are 

recognized for their superior mechanical properties. CNTs are considered as attractive 

reinforcements for AMCs due to their excellent mechanical and physical properties as well as 

light weight [17,18]. However, there are still several challenging aspects that need to be resolved 

including interfacial reactions, low wettability, and anisotropic properties [19]. Mechanical 

testing at various temperatures is required to establish the structure-property relationships of the 

composites; however, most of the studies in the literature [20-22] involved the tensile behavior 

of the CNT/Al composites at RT. In addition, nanocomposites and other structural materials 
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could be subjected to either tensile or compressive forces at varying temperatures when used in 

systems and devices. A few attempts were published in this matter, for instance, the sensitivity of 

CNTs to buckling and kinking, under compression, was studied by Silvestre et al. [22] using 

molecular dynamics (MDs). A few other studies on the compressive behavior of CNT reinforced 

composites indicated the beneficial role of CNT additions [23-25]. For instance, Bakshi et al. 

[24] observed a significant improvement in the compressive yield strength (CYS) by 27% and 

77% at RT through the addition of 5.0 and 10.0 wt.% CNTs, respectively. It is, however, 

uncertain whether this improvement would sustain at HT and exactly how the compressive 

behavior of CNT reinforced composites would change with deformation temperature. While 

some limited microstructural studies on the CNT reinforced Al composite were reported in the 

literature [26-28], 3-D electron backscatter diffraction (EBSD) investigations are not available, 

to the authors’ knowledge. Compressive micro-strains were also noted in the CNT/Al composites 

[28-30], resulting in X-ray diffraction (XRD) peak broadening, however no actual quantification 

of the resultant lattice change is reported. It is hence necessary to understand how the addition of 

CNTs affects the lattice change, microstructure and texture, and especially what strengthening 

mechanisms are involved.  

 

Considering all these aspects mentioned above, with respect to the performance enhancement of 

Mg and Al, being two of the most attractive lightweight structural alloys, the proposed work 

starts by investigating the deformation behavior of RE-free wrought Mg alloys, through RT 

compression tests of an extruded AZ31 Mg alloy. Then, a recently-developed ZEK100 Mg alloy 

with a low RE content (i.e., 0.2 wt.% Nd) is subjected to strain-controlled push-pull type fatigue 

tests at a constant strain rate and RT, while being compared to RE-free and high RE-containing 
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alloys. Both cyclic and anelastic behavior were evaluated. Effect of CNT addition is studied by 

RT and HT compression tests on a 2024Al alloy and a 2.0 wt.% CNT/2024Al composite.  

 

1.2 Objectives and scope of the dissertation 

 

The overall purpose of the proposed research is to identify the deformation mechanisms and 

analyze the key factors affecting the mechanical properties of lightweight Mg and Al alloys. The 

choice of tests (e.g., tensile, compressive, fatigue) in each investigation is dependent on the 

amount and shape under which the material was received (e.g., sheet, bar, rod). For Mg alloys, to 

identify the beneficial effect of RE-elements is the purpose of the present studies, whereas for the 

Al alloys, the impact of CNT reinforcement in strengthening Al alloys is the main target. The 

reason behind both Mg and Al alloys comes from the multi-material concept to achieve vehicles 

with maximal lightweight potential, which are more fuel efficient and less detrimental 

environmentally. Tis could be obtained by overcoming some of the drawbacks of conventional 

Mg and Al alloys via adding a small amount of RE elements and CNTs. These objectives were 

realized through the three main investigations detailed below along with the specified tasks.   

 Investigation 1: Gain a clear understanding of the major deformation behavior of RE free 

wrought Mg alloys at RT, i.e., deformation twinning. 

 Task 1: Study the deformation twinning evolution through step-by-step compressive 

deformation under various strain amounts.  

 Task 2: Identify and model main features of single and double twin nucleation, growth and 

interactions. 
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 Investigation 2: Identify the impact of RE microalloying on the deformation behavior of 

wrought Mg alloys.  

 Task 1: Conduct a comparative study between the deformation behavior of RE-free and low 

RE-containing Mg alloys.  

 Task 2: Study the effect of RE-elements on texture weakening and randomization as well as 

morphological changes of the microstructural features.  

 Task 3: Observe the effect of RE elements on the cyclic deformation characteristics and 

fatigue life.  

 Task 4: Characterize the effect of RE on the pseudo-elastic (i.e., anelastic) behavior.  

 Investigation 3: Evaluate the effect of CNT reinforcement on the deformation behavior, 

activation energy and hot workability of Al alloys.  

 Task 1: Identify deformation and strengthening mechanisms of CNT reinforced AMCs.  

 Task 2: Characterize the hot deformation in CNT reinforced AMCs compared to Al base 

alloys using activation energy.  

 Task 3: Determine the optimized hot workability window of CNT reinforced AMCs using 3-

D processing maps.  

 

1.3 Structure of the dissertation 

 

The presented dissertation has been structured as follows:  

Chapter 2 – A generalized literature survey on some prior research development on Mg and Al 

is presented, where the material characteristics, effects of microalloying and reinforcements, and 

deformation behavior are reviewed.  
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Chapter 3 – Materials and experimental procedures used in this study are detailed.  

Chapter 4 – A comprehensive study of the twinning behavior of a RE-free AZ31 Mg alloy with 

identification and modeling of major scenarios of single and double twin nucleation, growth and 

interactions is presented. 

Chapter 5 – Effect of RE elements on the deformation behavior of rolled RE-containing 

ZEK100 alloy through the study of the strain-controlled low cycle fatigue properties is described.    

Chapter 6 – A more focused study on the effect of strain ratio on the cyclic deformation and 

anelastic behavior of ZEK100 is discussed.  

Chapter 7 – Deformation and strengthening mechanisms of the 2.0 wt.% CNT 2024Al 

composite in comparison with the 2024Al base alloy through hot compression are identified.  

Chapter 8 – The hot deformation in the CNT reinforced composite and the base alloy using 

activation energy and approximation of the optimized hot workability regions using the 3-D 

processing maps is characterized.  

Chapter 9 – Conclusions, major contribution and future scope of the present study are 

summarized.  
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CHAPTER 2 

LITERATURE REVIEW 

 

In this section, a brief literature review is presented to facilitate a concise overview of the 

deformation behavior of Mg and Al alloys with and without respective RE and CNT additions, 

and to uncover areas where further research is required.  

 

2.1 History and development in Mg and Al alloys 

 

Since its early discovery back in 1774, Mg was found to be the 6
th

 most abundant element, 

constituting 2% of the total mass of the Earth’s crust [31]. It can be produced from seawater, 

brines and Mg-bearing minerals which give unlimited supply of ore reserves. Based on the 

current world’s use levels, it was estimated that there would be enough Mg in the Dead Sea for at 

least 22,000 years [32]. Mg is the lightest structural metallic material available (with a density of 

1.74 g/cm
3
, ~36% less than aluminum, ~4.5 times less than steel and nearly the same as many 

polymers). The melting point and specific heat of Mg are very close to those of Al, while 

Young's modulus and shear modulus are about two-thirds of Al [33]. Pure Mg has higher 

damping capacities than cast iron, in addition to its favorable electromagnetic shielding, 

dimensional stability, good machinability and recyclability [31]. Mg and its alloys have revived 

to attract a great deal of research curiosity since 1993. The last decade has witnessed a growing 

demand for its development in the automotive and other household and sport applications due to 

its large potential for weight saving [34]. However, the use of Mg as a structural material is still 

limited and it is mainly used as an alloying element in other alloys. For instance, alloying Mg 
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with aluminum, manganese, rare-earth, thorium, zinc or zirconium increases the strength to 

weight ratio of the alloys [35]. A report released by USAMP (United States Automotive 

Materials Partnership) in 2006, implied the need of increasing the use of Mg alloys by 340 lbs 

per car by the year of 2020, leading to ~15% of the vehicle weight reduction [36], which has 

been the target of auto industries for the last decade.  

 

As for Al, it has been discovered back in the year of 1808 and started to be effectively produced 

after 17 years, making the history of Al short in comparison with metals like iron and copper 

which have been used for thousands of years [37]. However, Al has become increasingly popular 

due to its low density and high-strength-to-weight ratio which distinguished it from the other 

metals. Al is also characterized by its high corrosion resistance, good ductility; thermal and 

electrical conductivity and convenient surface finish [38]. Al has been appreciated more and 

more by auto industries. In fact, in a 2013 press release at WWJ Auto Summit, vehicle 

lightweighting was regarded as the auto industry's best opportunity to achieve CAFE (Corporate 

Average Fuel Economy) standard and it was also stated that by maximizing the use of Al and its 

alloys, along with modern manufacturing technologies, the mass of every vehicle could be 

reduced by more than 95 kg. Hence, the application of Al alloys could result in effective weight 

reduction and energy-saving, leading to a better environmental protection. 

 

Table 2.1 displays the physical properties of Mg and Al in comparison with other structural 

materials. The lower densities of both materials was obvious, with the density of Mg being less 

than two-thirds of that of Al while the melting point and specific heat are almost the same for 

both materials. The Young’s modulus and shear modulus of Mg are about two-thirds of those of 
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Al. Both pure Mg and Al alloys have been reported in [39] to have relatively low yield stress 

(YS) and ultimate tensile stress (UTS), therefore they are usually alloyed and/or reinforced with 

the adequate elements to achieve the needed mechanical properties.  

 

Table 2.1 Physical properties of the materials used in this study compared to others [39]. 

 Mg Al Ti Fe Cu 

Lattice structure HCP FCC HCP BCC FCC 

Density (g/cm
3
) 1.74 2.70 4.51 7.87 8.98 

Melting point (ºC) 650 660 1668 1535 1083 

Specific heat 

(J/m.ºC) 0.24 0.22 0.13 0.11 0.09 

Young’s modulus 

(GPa) 45 76 114 190 136 

Shear modulus 

(GPa) 17 26 45 80 44 

Thermal 

conductivity 

(W/m.K) 

167 238 16 73 394 

 

Based on their fabrication methods, Mg and Al alloys could be classified under two major groups: 

wrought and cast alloys [40]. Wrought alloys are usually shaped by means of plastic deformation 

(e.g., rolling, extruding, forging, and drawing) which leads to an important reduction in the grain 

size of the microstructure and in removing any defects generated during casting. Mechanical 

properties of the wrought alloy are hence highly improved. On the other hand, casting of the 

alloy into its final shape is still more economical; however, any defect that might occur in the 

casting process would be carried over into the final product. Minimizing this type of defects is 

primordial in applications requiring mechanical performance, mainly fatigue resistance [41].   
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2.2 Deformation systems in Mg alloys 

 

As stated above, Mg has a hcp crystal structure, displayed in Fig.2.1(a) along with the position of 

the atoms. Possible basal slip directions are also provided in Fig.2.1(b). The cell in the hcp 

structure can be geometrically identified by four axes: Three coplanar axes a1 a2 a3, and the c-

axis, which is perpendicular to the basal plane containing a1, a2, and a3. The c/a ratio is 

considered as an important parameter in determining the deformation behavior, where a is the 

interatomic distance in the basal plane along any of the three directions displayed in Fig.2.1(b), 

and c is the distance between the first and third plane in Fig.2.1(a).  

 

                               

Fig.2.1 (a) Hexagonal close packed (hcp) crystal structure, and (b) slip directions [42].  

 

For pure Mg, lattice parameters at RT are a = 0.32092 nm and c = 0.52105 nm [43], leading to a 

c/a ratio of 1.6236, close to the ideal value of 1.633 [42]. When a compressive load is applied 

along the c-axis, and depending on the c/a ratio, some hexagonal close packed (HCP) metals 

(e.g., Zr and Cd) show twinning dominant deformation. However, in the other hand, a tensile 

load is needed along the c-axis for twinning to happen since it is the profuse extension twinning 

direction where basal planes are initially perpendicular to the tensile loading.  

(a) (b) 
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2.2.1 Dislocation slip systems 

 

Polycrystalline materials can accommodate deformation by the activation of five independent 

slip systems [44]. The most common slip systems that could be activated for Mg are displayed in 

Fig.2.2(a), (b), (c) and (d) and summarized in Table 2.2. Among these four dominant slip 

systems, three involve the slip dislocations with 0211  (i.e., <a> type vectors). Based on the von 

Mises criterion, basal and prismatic slip can only offer two independent slip modes in each case.  

 

 

Fig.2.2 (a) Basal-<a>, (b) prismatic-<a>, (c) pyramidal-<a>, and (d) pyramidal-<c+a> slip 

systems in Mg [44].  

 

Table 2.2 Independent slip systems in Mg [45]. 

Slip system Direction Crystallographic 

component 

Number of 

independent modes 

Basal slip a    02110001   2 

Prismatic slip a    02110110   2 

1
st
 order pyramidal slip a    02111110   4 

2
nd

 order pyramidal slip c+a    32112211   5 

(a) (b) (c) (d) 
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While the 1
st
 order pyramidal slip can offer four independent slip modes, it is still short of the 

required five for homogeneous deformation. Only the 2
nd

 order pyramidal slip, with its non-basal 

vector (or <c+a>), will accommodate deformation along the c-axis and meet the requirement for 

five independent slip modes. However, this type of dislocation slip does not normally occur at 

RT. 

 

2.2.2 Deformation twinning 

 

Overall, the concept of twinning is coming from the fact that a shear force can produce atomic 

displacements such that on one side of a plane (i.e., the twin boundary), atoms are located in 

mirror image positions of atoms on the other side [46]. The plane of symmetry between the two 

portions is known as the twinning plane. The typical atomic arrangement of twinning is 

illustrated in Fig.2.3(a) and final atom positions are displayed in Fig.2.3(b). Twinning occurs in 

magnesium due to its hcp crystal structure with low crystal symmetry which leads to insufficient 

number of slip systems at RT [47]. 

 

 

Fig.2.3 (a) Schematic diagram showing how twinning results from an applied shear stress τ, and 

(b) open circles represent atoms that did not change position; dashed and solid circles represent 

original and final atom positions, respectively [44].  
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Twinning was the subject of many investigations in the literature. Park et al. [48] studied the 

twinning behavior of rolled Mg alloy subjected to consecutive in-plane compressions along two 

orthogonal directions using EBSD. Specimens were first compressed up to 6% along the rolling 

direction (RD), and then further compressed to 3 and 6% along the transverse direction (TD). 

The result exhibited various twinning modes. Extension twinning 2110  was first observed in 

residual parent grain, followed by    21102110   double twinning in twin bands. Pre-

compression effect on plastic deformation behavior of AZ31 Mg alloy has also been observed by 

Xin et al. [49]. Gharghouri et al. [50] studied the mechanical properties of an extruded Mg-7.7 

at.% Al alloy by means of in-situ neutron diffraction. The occurrence of twinning was easily 

detected, considering that it would lead to an abrupt reorientation of the crystal lattice, reflected 

by a change in the peak density. Two types of twinning are observed in Mg alloys, 

  01112110  extension twins, and   01211110  contraction twins [51]. Extension twins were 

mainly investigated in the literature for Mg alloys. For instance, El Kadiri et al. [52] conducted 

EBSD serial image analyses on an AM30 alloy compressed under profuse  2110  twinning 

conditions at different strain levels. They proved that twin nucleation and twin propagation rates 

strongly depend on the number of activated twins in a given grain.  

 

2.2.2.1 Twin growth 

 

Nucleation of twins is promoted in the stress-concentrated regions such as grain boundaries and 

dislocation sites. Once a twin is formed, it propagates when the resolved shear stress (RSS) on 

the twinning system surpasses the critical resolved shear stress (CRSS) for twin growth, which is 

usually less than the CRSS for twin nucleation [53]. Twin growth is achieved through the gliding 
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of twinning dislocations (TDs) in the matrix and on the twin boundary (TB), where the driving 

force is the stress acting on TDs at the TB interface. Two phenomena could be attributed to twin 

growth [53]: matrix reduction and twin propagation which are activated based on the average 

stresses in the matrix and in the twin. Matrix reduction occurs due to the migration of twin 

boundaries induced by the RSS in the matrix and thus reduces the current volume of the matrix 

and increases the volume and thickness of the twin once they merge after twin boundary 

disappearance (i.e., twin boundary coalescence). 

 

2.2.2.2 Double twinning 

 

Double twinning could be simply defined as the activation of a twin within a pre-existing twin 

under a similar or a different variant [54]. Several investigations were conducted on double 

twinning in the literature. Ma et al. [55] studied twinning in AM30 Mg alloy under profuse 

 2110  twinning conditions and reported double twin nucleation, mainly    21101110  , 

where the preliminary parent twin is the contraction twin and the secondary is the extension twin, 

and    21103110   which they found to play an important role in the sample fracture.  

 

Beyerlein et al. [54] proposed a dislocation mechanism for the formation of    21101110   

double twin structures in hcp crystals through the nucleation of secondary twins within primary 

twin domains, and stated that the secondary twins associated with the most commonly observed 

double twin variants nucleate and thicken by a sequence of three distinct dissociation reactions of 

mixed basal dislocations.  
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2.3 RE microalloying in Mg alloys 

 

2.3.1 Brief history of RE elements 

 

RE elements represent the set of seventeen chemical elements in the periodic table which include 

the fifteen lanthanides as well as scandium (Sc) and yttrium (Y). The designation of these 

elements as “rare earth” comes from the fact that most of them were isolated in the 18
th

 and 19
th

 

century as oxides from rare minerals, and because of their reactivity, RE elements were found to 

be difficult to refine to pure metals [56]. Efficient separation processes for RE elements were not 

developed until the 20
th

 century, when all elements were identified. Most RE elements are not as 

uncommon in nature as their names imply. In fact, cerium (Ce) comprises more of earth’s crust 

than copper (Cu) or lead (Pb) [57].  

 

2.3.2 Major effects of RE elements on Mg alloys 

 

Plastic anisotropy is greatly influenced by the crystallographic texture formed in Mg alloys. 

Usually, wrought Mg alloys display a strong texture with most of the basal planes aligned 

parallel to rolling direction (RD) or extrusion direction (ED) [58,59]. However, it has been 

proven that RE alloying elements can modify the contribution of various deformation modes to 

the overall deformation behavior of the alloy, leading to the variation of texture. Earlier studies 

were started by Ball and Prangnell [60] who reported a weaker and randomized texture for the 

extruded WE54 Mg alloy, characterized by a high content of RE elements (5.2 wt.% Y, 1.74 wt.% 

Nd, and 0.95 wt.% Ce and La). Texture weakening is mainly attributed to the recrystallization 
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which is highly affected by the presence of RE elements. Mackenzie and Pekguleryuz [61] 

studied the Mg-Zn-Ce alloys and reported a non-basal texture component along the transverse 

direction (TD) in the shear bands that evolved during rolling, which became dominant in the 

fully recrystallized microstructure. Senn and Agnew [62] focused on the texture randomization 

of RE-containing Mg alloys during hot deformation and discussed the presence of shear bands as 

a result of plastic deformation, where some grain nuclei (i.e., growing into the bands) exhibited a 

highly randomized texture compared to the surrounding non-recrystallized zone.    

 

2.3.2.1 Microstructure of RE-containing wrought Mg alloys  

 

Typical optical micrographs of hot-extruded Mg-8Gd-xZn-0.4Zr, Mg-8Gd-Zn-0.4Zr, and Mg-

8Gd-3Zn-0.4Zr alloys [63] are represented in in Fig.2.4(a), (b), and (c), respectively.  

 

      

 

Fig.2.4 Optical images of the as-extruded specimens of (a) Mg-8Gd-0.4Zr alloy, (b) Mg-8Gd-

1Zn-0.4Zr alloy, and (c) Mg-8Gd-3Zn-0.4Zr alloy [63]. 

(a) (b) 

(c) 
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It can be seen from Fig.2.4 that for the three presented alloys, the Gd-containing intermetallic 

compounds (i.e., second-phase particles) were broken during hot extrusion, and then dispersed 

along one specific direction (i.e., extrusion direction). Average recrystallized grain sizes were 

reported for each of the alloys as 8, 6, and 3 µm for the Mg-8Gd-0.4Zr, Mg-8Gd-1Zn-0.4Zr, and 

Mg-8Gd-3Zn-0.4Zr alloys, respectively, indicating the combined effect of RE and Zr elements 

along with increasing Zn content. In fact, due to the plastic deformation induced during hot 

extrusion, recrystallized grains were observed to form along grain boundaries, which led to the 

accumulation of dislocations and the occurrence of the dynamic recrystallization (DRX) process 

[63]. Similar extruded microstructures were also reported by Liu et al. in [64]. The previous 

could mainly be linked to our investigations on the rolled ZEK100 Mg alloy where almost fully 

recrystallized and equiaxed grains were observed after rolling and after annealing to remove the 

cold working effects.  

 

2.3.2.2 Crystallographic texture of RE-containing wrought Mg alloys  

 

Wrought Mg alloys usually exhibit strong basal textures with basal planes of most grains aligned 

parallel to rolling or extrusion directions [65]. However, as mentioned before, it has been 

acknowledged that when Mg is alloyed with RE elements, it can develop weaker textures than 

the conventional Mg alloys [60]. In fact, a number of RE elements were considered as highly 

effective texture modifiers such as Gd [66], Y [67], Ce [11], La [68], and Nd [69,70]. Even for 

low alloying concentrations, a change was observed in the preferred orientations for the RE-Mg 

alloys from to new positions such as ,  or , referred to as 

RE texture components [71].   

 0110  1211  2211  1220
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Fig.2.5 displays the evolution of texture intensities in an Mg-Gd binary alloy [11]. Major texture 

weakening occurred within the first 1 wt.% Gd addition, after which the change of texture 

became less pronounced. Besides, RE texture components are well oriented for basal slip when 

tested in an appropriate orientation, which results in a substantial gain of ductility and a 

reduction of the tension-compression asymmetry observed in the conventional wrought Mg 

alloys [65]. Likewise, Bohlen et al. [67] reported that the textures of wrought RE-containing Mg 

alloys are usually characterized by a greater tilt of basal poles towards the transverse direction 

(TD), rather than the rolling (or extrusion) direction (RD) which stimulates the activation of 

basal slip during loading in TD rather than RD. Similar observation will be made when studying 

the crystallographic texture of the Nd containing ZEK100 Mg alloy in the coming chapters. 

 

 
 

Fig.2.5 Effect of Gd content on the texture intensities of an Mg-Gd alloy [11]. 

 

2.3.3 Fatigue and anelastic behavior of RE-Mg alloys 

 

As emphasized above, RE-containing Mg alloys are being considered for lightweight automotive 

applications and the design of structural components require strain-controlled fatigue behavior, 

since they undergo dynamic loading in service [72]. Some studies on the fatigue of RE-
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containing Mg alloys have been reported in the literature. For instance, Yang et al. [73] 

conducted very high cyclic fatigue tests of a RE-containing extruded Mg alloy (Mg-12Gd-3Y-

0.5Zr,) and observed a highly reduced tension-compression yield asymmetry and enhanced 

fatigue failure resistance. The fatigue strength of extruded Mg-10Gd-1Nd and Mg-10Gd alloys 

in the form of S-N curves was also evaluated by Maier et al. via stress-controlled high cycle 

fatigue tests [74]. A limited number of strain-controlled low cycle fatigue tests on the RE-

containing wrought Mg alloys have been performed recently, including Mg-10Gd-3Y-0.5Zr [75], 

Mg-3Nd-0.2Zn-0.5Zr [76], Mg-8Gd-3Y-0.5Zr [15], where the basal texture was observed to be 

weakened and the tension-compression yield asymmetry basically disappeared as reflected by 

the nearly symmetrical hysteresis loops. However, unlike the case of the face centered cubic (fcc) 

structures [77], the non-linear anelastic (or pseudo-elastic) behavior persisted. While RE-

containing wrought Mg alloys exhibited an improved fatigue life [74-76], material cost remains 

one of the most important aspects in the automotive sector, and needs to be affordable for the 

general public. Thus a RE-free and low Nd-containing (on the order of ~0.2 wt.% Nd only) 

ZEK100 wrought Mg sheet alloy has been the subject of the investigations presented in this 

dissertation. While tensile loading-unloading tests with an incremental strain were performed 

[78], no fatigue data on the ZEK100 Mg alloy under strain-controlled tests are available in the 

literature  

 

2.4 Low Nd-containing ZEK100 vs. RE-free AZ31   

 

Microstructure and texture development of ZEK100 alloy have been studied during warm rolling 

and annealing [12,14]. Forming-limit diagrams were also developed at elevated temperatures and 
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varying strain rates, and the ZEK100 Mg alloy was observed to reach a true fracture strain, 

greater by up to 60% than the AZ31 Mg alloy for all strain paths at all temperatures and strain 

rates examined [79]. The formability of ZEK100 in a two-stage forming process with 

intermediate annealing was also studied in [80]. It exhibited superior warm formability over 

AZ31 alloy, indicating the potential for the volume production of Mg automotive parts [81]. The 

tensile properties and constitutive behavior of ZEK100 alloy was also studied at varying strain 

rates and sample orientations at room temperature (RT) [82]. Basal textures were strongly 

weakened in comparison with the RE-free AZ31 Mg alloy also considered at RT [83].  

 

2.5 CNT reinforcement in Al alloys 

 

2.5.1 Brief history of CNT 

 

Back in 1985, an unplanned experiment resulted in the discovery of a new molecule made purely 

of carbon. In fact, an infinite class of new molecules has been discovered, referred to as: “the 

fullerenes” (e.g., C60, C70, C84...) [84]. In actuality, however, CNTs had been discovered 30 years 

earlier without being fully appreciated at that time. In the late 1950s, a “strange” new carbon 

fiber has been discovered while studying carbon under conditions near its triple point. Straight 

and hollow tubes of carbon appeared to consist in graphitic layers of carbon separated by the 

same spacing as the planar layers of graphite [84]. In 1991, after discovery and verification of 

fullerenes [85], multi-walled nanotubes formed in a carbon arc discharge, and single-walled 

nanotubes (buckytubes in Fig.2.6) have been identified only two years later. It should be noted 
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that no scale bar was shown in Fig.2.6 since it is only indicative of the overall shape of the 

buckytube as reported in [84]. 

 

 

Fig.2.6 A buckytube or a carbon nanotube [84]. 

 

2.5.2 Properties of CNTs  

 

The mechanical properties of CNTs have been characterized as “extraordinary” in [86] due to 

their improved stiffness of up to 1000 GPa, strength of the order of 100 GPa and thermal 

conductivity of up to 6000 Wm
-1

K
-1 

[86]. CNTs are attractive reinforcements for Al matrix 

composites compared to other carbon materials as listed in Table 2.3.    

 

Table 2.3 Properties of carbon materials [88]. 
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Young’s modulus and tensile strength of thinner ropes of aligned MWCNTs have been directly 

measured in [87] by pulling long (~2 mm) ropes, containing ten thousands of aligned nanotubes 

(Fig.2.7 [87]) with a specially designed stress–strain puller which can apply an axial force to the 

rope. Fig.2.8(a) [87] displays the applied total force versus the displacement of the rope. Young’s 

modulus, tensile strength, and elongation were then measured simultaneously and Fig.2.8(b) [87] 

indicates the tensile strength curve, in which the straight line-segment A–B represented the 

elastic deformation of the sample. The number of the broken tubes in applying load process, was 

verified by means of the electrical conductivity of the sample (Fig.2.8(c) [87]). And finally, a 

Young’s modulus of 0.46 TPa was obtained as displayed in Fig.2.8(d) [87]. 

 

 

Fig.2.7 SEM image of a nanotube bundle to be pulled for tensile strength experiment [87]. 

 

2.5.3 CNT/Al interface  

 

Casting and powder metallurgy (PM) has been considered as the major methods for producing 

CNT/Al composites along with some other novel routes like thermal spray [89] and 

accumulative roll-bonding [90]. Mechanical interlocking and reaction bonding are the primary 

bonding types of CNT/Al interface [91]. Aluminum carbide (Al4C3) is the main reaction product 

between CNTs and Al matrix during consolidation due to the high temperature. Since the 
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composite studied in this dissertation was fabricated by PM, the features and evolution of 

CNT/Al in PM will be further reviewed below. 

 

        

         

Fig.2.8 (a) Applied total force versus the displacement of the rope, (b) force applied to the 

nanotube rope versus its displacement, (c) conductance (the inverse of the resistance) of the 

nanotube rope versus its displacement, and (d) uniaxial stress applied to the nanotube rope versus 

the strain (elongation) [87]. 

 

2.5.4 CNT evolution in PM 

 

PM has been greatly considered in producing CNT/Al composites due to its convenience and 

controllability compared with casting [91]. Preparation of CNT/Al powders and their compact 

consolidation are the major steps of PM, due to the possibility of CNT agglomeration and the 
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compact densification. Both mechanical and chemical methods need to be effective to disperse 

the CNTs, where applied mechanical forces and chemical modification would help separate 

tangled CNTs. Various sintering techniques and hot working processes have been used to 

consolidate the compact. Reaction bonding at CNT/Al interface is established during sintering 

through diffusion, and the sintered compact is further densified through the elimination of pores 

by plastic processing [91]. Several studies on the CNT/Al composite powders have been reported 

in the literature. For instance, Esawi et al. [92] showed a uniform dispersion of CNTs on the Al 

powder surface with few agglomerations. The unavoidable structural damage of CNTs (i.e., 

introduced by the severe high energy impact during ball-milling) was pointed by Poirier et al. 

[93] who studied the mechanically milled CNTs/Al mixture and indicated that after ball-milling, 

CNTs became shorter and more broken. However, the interfacial bonding of ball-milled CNT/Al 

interface was still stronger than that achieved by other methods due to the mechanical 

interlocking [91]. 

 

2.5.5 Functional performance of CNT/Al composite 

 

Although C/Al composites are promising materials in many areas, there are still some challenges 

related to their functional performance, which need further studies (e.g., interfacial reactions, low 

wettability, and anisotropic properties) [88]. Michio et al. [94] studied the performance of C/Al 

composites and identified a few issues related to their use, including the poor wettability, and the 

reaction between C and Al at high temperatures to form the brittle Al carbide Al4C3 which 

strongly decreases the performance of the composites. Liu et al. [95] suggested optimizing the 

fabrication parameters such as applying an appropriate pressure to promote infiltration, limiting 
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the high temperature contact time or using low temperature fabrication methods such as PM. 

Perez et al. [96] studied CNT/Al2024 composites fabricated with a combination of mechanical 

alloying (MA) and PM routes. Composites were microstructurally and mechanically evaluated in 

the sintering condition. A homogeneous dispersion of CNTs in the Al matrix was observed by 

field emission scanning electron microscopy (FESEM). High-resolution transmission electron 

microscopy (HRTEM) confirmed not only the presence of well-dispersed CNTs but also needle-

like shape Al4C3 crystals in the Al matrix. They also evaluated the mechanical behavior of the 

composites by Vickers micro-hardness measurements to indicate a significant improvement in 

hardness as a function of CNT content. This improvement was mainly associated to a 

homogeneous dispersion of CNTs in the Al matrix. Liu et al. [95] linked the formation of 

Al4C3 to the interaction between the outer shells of CNTs and the Al matrix during MA process 

in which recrystallization took place after the sintering process. Bakshi and Agarwal [97] stated 

that the strengthening efficiency of CNTs can be divided into three regimes of CNT content 

which showed decreasing extent of strengthening effect with increasing CNT content. They 

concluded that strengthening is highly dependent on CNT dispersion in powder mixture and that 

a higher degree of deformation during processing leads to increased strengthening. Hao et al. [29] 

proved that CNT/matrix chemical interaction is essential for strengthening, since toughness 

decreases for high CNT content (>5 wt.%) with poor dispersion. 

 

2.6 Summary 

 

The literature survey covered throughout this section, mainly helped understand the deformation 

behavior of Mg and Al alloys with and without respective RE and CNT additions. Deformation 
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twinning, which could give rise to a radical reorientation of the grains, could lead to a 

considerable texture modification. It is therefore crucial to understand how twinning can 

contribute to the overall deformation behavior of the material. In addition, double twinning 

represents a particularly influential phenomenon in the deformation, fatigue and fracture of Mg 

alloys. It was observed throughout the available literature that the addition of RE elements was 

mainly to reduce the unfavorable mechanical anisotropy and tension-compression yield 

asymmetry of Mg alloys. Microstructures, crystallographic textures, and tensile and compressive 

properties in relation to the addition of RE elements have been previously reported, however, no 

fatigue data on the low-RE and low-cost ZEK100 Mg alloy under strain-controlled tests are 

available. It is unclear if cyclic hardening or softening would occur, to what extent the tension-

compression yield asymmetry would remain, whether pseudo-elastic behavior would still be 

present, and how it can be quantified. Finally, the extent of improvement that could be achieved 

in Al base alloys by introducing CNT reinforcement needs further explications in terms of 

different strengthening mechanisms involved, hot workability and high-temperature performance.  
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

 

3.1 Test Materials 

 

Investigations on the RE-free Mg alloy was AZ31 Mg alloy in the form of extruded plate, with a 

chemical composition shown in Table 3.1. The AZ31 Mg alloy was extruded in the temperature 

range of 360-382ºC with an extrusion exit speed of 50.8 mm/s and an applied extrusion ratio of 

~6. AZ31 was considered in the present study as “the model” RE-free Mg alloy to help 

understand the impact of RE additions. It was considered a long with other comparable materials 

in terms of chemical composition and fabrication process. 

 

Table 3.1 Chemical composition of AZ31Mg alloy (wt.%). 

Base material Al Mn Zn Fe Ni Cu Mg 

AZ31 3.1 0.54 1.05 0.0035 0.00007 0.0008 Bal. 

 

ZEK100 Mg alloy, with a composition listed in Table 3.2, was the subject of the studies about 

the low RE-containing Mg alloy in the form of rolled sheets under the annealing O condition 

which is the standard designation for the high ductility temper achieved by annealing the 

material at 500ºC for 15 min in an electrical oven [98]. Fabrication of this material involved 

initial workpieces of 28.5 mm. During rolling, the temperature of workpiece was 270°C and that 

of the rollers was 400°C, with a rolling speed of 5 m/min, and no addition of lubricant. The 

thickness of the workpiece reduced from 28.5 to 3 mm in 5 passes.  
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Table 3.2 Chemical composition of ZEK100 Mg alloy (wt.%). 

Base material Zn Zr Nd Mn Mg 

ZEK100 1.3 0.25 0.2 0.01 Bal. 

 

AMCs investigations were conducted using a 2024Al base alloy (Table 3.3) and a 2.0 wt.% CNT 

2024Al composite. The composite was obtained after mixing 2.0 wt.% CNTs with 2024Al alloy 

powders presented in Table 3.3. The average diameter of the 2024Al powders was ~10 µm. The 

as-received CNTs (95-98% purity) were synthesized using chemical vapor deposition (CVD). 

CNTs had entangled morphologies with a length of >5 µm and an outer diameter of 10~20 nm. 

The as-mixed powders of 2024Al and 2.0 wt.% CNTs were dispersed by ball milling for 6 hours 

at a rotational rate of 400 RPM and a ball powder ratio of 15:1, using a stir milling machine with 

hardened steel balls. No extra pre-treatment was conducted on the CNTs before milling, however 

2.0 wt.% stearic acid was added to prevent serious cold-welding. The as-milled powders were 

cold-compacted in a cylinder die, degassed, then hot pressed at 560ºC for 1h into cylindrical 

billets. The as-pressed billets were hot extruded by our collaborators at 450ºC with a ratio of 25:1. 

The 2.0 wt.% CNT/2024Al composite was finally solid-solution-treated at 495ºC for two hours, 

quenched in water at RT and then naturally aged (i.e., T4 condition).  

 

Table 3.3 Chemical composition of 2024Al alloy (wt.%). 

Base material Cu Mg Mn Al 

2024Al 4.5 1.5 0.6 Bal. 
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3.2 Sample preparation and testing 

 

3.2.1 Metallography 

 

Metallographic samples (approx. 5 mm × 5 mm in the cross section) for the purpose of initial 

microstructural characterization were cut from the previously mentioned materials. The samples 

were cold mounted using LECO 7007 resin powder and liquid (mixing ratio: 2 parts of resin 

added to 1 part of catalyst). Hot mounting was avoided to prevent any possible microstructural 

change due to the effect of temperature during sample preparation. The mounted samples were 

manually ground with SiC sand papers with a grit number of 320, 600, and 1200, respectively. 

Water was used as lubricant in each grinding step. Polishing was carried out with 6 m, 3 m, 

and 1 m diamond paste using diamond extender (a mixture of rust inhibiting solution with 

distilled water - 10% solution by volume) as lubricant. Cleaning of the mount, after polishing, 

involved dipping and spraying with ethanol, ultrasonically cleaning in ethanol, followed by 

drying with compressed air. After the final polishing with colloidal silica, the polished samples 

were etched. Mg alloys (AZ31 and ZEK100) were etched with acetic picral (10 ml acetic acid, 

4.2 g picric acid, 10 ml distilled water, and 70 ml ethanol). Al alloy and composite (2024Al and 

2.0 wt.% CNT 2024Al, respectively) were etched using Keller’s etchant (i.e., 190 ml H2O, 5 ml 

HNO3 (65%), 3 ml HCl (32%) and 2 ml HF (40%)). No etching was done for the scanning 

electron microscope (SEM) observations, where the polished surfaces were examined directly. 

As for the EBSD examinations, sample surface was first mechanically polished, then electro-

polished in an electrolyte of 10 ml nitric acid and 40 ml ethanol for about 35 s and 20 V at RT 

for the Al alloy and composite, and 30 s and 20V at RT for the two Mg alloys. 
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3.2.2  Quantitative image analysis  

 

Microstructural examinations were performed using the following techniques: 

- An optical microscope (OM) equipped with Clemex quantitative image analysis software. 

- A scanning electron microscope (SEM) JSM-6380LV equipped with Oxford energy 

dispersive X-ray spectroscopy (EDS) system and three-dimensional surface/fractographic 

analysis capacity. 

- An electron backscatter diffraction (EBSD) analyses by means of Oxford integrated 

AZtecHKL advanced EBSD system with NordlysMax
2
 and AZtecSynergy along with a large 

area analytical silicon drift detector. EBSD analyses were carried out at a step size of 0.1 µm. 

- A transmission electron microscope (TEM) and high resolution transmission electron 

microscope (HRTEM), performed in Shenyang National Laboratory for Materials Science, 

China, using TEM, Tecnai G2 20. TEM samples were machined parallel to ED.  

 

3.2.3  Phase identification by X-ray diffraction 

 

Verification of the phases formed in the studied materials was done via X-ray diffraction (XRD) 

analysis. For this, a multi-functional PANalytical X’Pert PRO X-ray diffractometer was used to 

identify the formation of phases in the samples. XRD was performed using Cu Kα radiation 

(wave length λ=0.15406 nm) at 45 kV and 40 mA. The diffraction angle (2θ) at which the X-rays 

hit the sample varied from 40° to 100° with a step size of 0.04° and 2 s in each step. 
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3.2.4  Texture measurements by X-ray diffraction 

 

Texture measurements were performed on the as-received samples. The polishing procedure was 

the same as the one employed for microstructural observations and image analysis but without 

etching or electro-polishing. The texture was determined by measuring incomplete pole figures 

between =0 to 75° in the back reflection mode using a PANalytical X'Pert PRO X-ray 

diffractometer with Cu Kα radiation at 45 kV and 40 mA. The texture measurements were 

designed to determine the intensity variation of a certain diffraction peak, indexed h = (hkl), as a 

function of the measurement direction (y) relative to the sample-reference frame. After 

corrections and normalizations, the probability maps, P (h,y), or pole figures were constructed to 

describe the distribution of different crystal directions in the sample space using the MTEX 

software or the Oxford AztecHKL software. Orientation distribution function (ODF) was also 

calculated from the measured data, where Bunge notations of the Euler angles (φ1 Φ φ2) were 

implemented. Defocusing due to the rotation of XRD sample holder was corrected using 

experimentally determined data from Mg powders. 

 

3.3 Mechanical testing 

 

3.3.1  Compression tests  

 

Two different categories of compression tests were performed in the present dissertation, which 

varied with the subject of the investigation. The two tests will be introduced separately below.  
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3.3.1.1  Stepwise compression tests  

 

These tests were performed on the AZ31 Mg alloy for the samples displayed in Fig.3.1.  

 

 
Fig.3.1. Illustration of the specimens for compression testing of AZ31 Mg alloy (unit in mm). 

 

Sample configuration presented in Fig.3.1 allows loading along the three different directions 

with the same sample geometry. It also permits an easy preparation of a flat polished surface to 

quantify the deformation characteristics after each compression step. Tests were conducted at RT 

using a computerized Instron machine and the compressive strain amount was gradually 

increased. The strain was obtained based on crosshead displacement in the test apparatus, which 

included the deformation of both test sample and machine system (i.e., load train and machine 

frame). In evaluating the stress-strain curves, to obtain the actual deformation amount of a test 

sample, the deformation coming from the machine system was eliminated using a calibration 

curve which was obtained directly through the upper compression plate against the lower 

compression plate without any sample. Then all of the reported values in this study are actual 

strain values with the machine deformation amount excluded using the above-mentioned plate-

to-plate calibration curve. 
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3.3.1.2  Continuous compression tests  

 

Cylindrical specimens (Fig.3.2) were machined for the 2024Al base alloy and the 2.0 wt.% CNT 

2024Al composite in concordance with ASTM E9-09 standard, with the compression axis 

parallel to ED. Compression tests were carried out until failure at RT, and in the range of 200-

400ºC, at strain rates of 0.001, 0.01, and 0.1 s
-1

, using a computerized United testing machine 

equipped with an environmental chamber having a temperature accuracy of ±5ºC. A calibration 

curve at each temperature was obtained to get rid of the machine deformation in evaluating the 

stress-strain curves. To verify the reproducibility of the results, two tests were performed in each 

deformation condition (i.e., each combination of strain rate and deformation temperature).  

 

 

Fig.3.2. Illustration of the specimen for compression testing on 2024Al and the 2.0 wt.% 

CNT/2024 Al composite. 

 

3.3.2  Tensile tests 

 

Sub-sized tensile samples in accordance with ASTM E8 standard were machined with the 

loading axis parallel to ED. The sample geometry and dimensions are shown in Fig.3.3. Tensile 

ɸ 5mm 

8
 m

m
 

http://www.astm.org/Standards/E9.htm
http://enterprise.astm.org/filtrexx40.cgi?+REDLINE_PAGES/E8E8M.htm
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tests were performed by means of a computerized UNITED tensile testing machine with a 

sample gauge length of 25 mm (or a parallel length of 32 mm) at a strain rate of 1  10
-2

 s
-1

.  

 

 

 

 

Fig.3.3. Illustration of the dimensions of the sub-sized tensile test specimens. 

 

3.3.3  Fatigue tests 

 

Strain-controlled, pull-push type fatigue tests were conducted using a computerized servo-

hydraulic Instron 8801 fatigue testing system via a Fast Track Low Cycle Fatigue (LCF-3) 

program at a constant strain rate of 110
-2

 s
-1

 and RT (~25°C). Fatigue specimens are displayed 

in Fig.3.4. The gauge section of fatigue samples was ground progressively along the loading 

direction (LD) with emery papers up to a grit number of 600 to remove the machining marks and 

to achieve a consistent surface. Tests were carried out in a strain control mode according to 

ASTM E606. Triangular strain waveform was applied during the tests. LCF tests were performed 

at zero mean strain (Rε=-1, completely reversed strain cycle), at total strain amplitudes of 0.2%, 

0.4%, 0.6%, 0.8%, 1.0%, and 1.2%, and at least two samples were tested at each level of the 

strain amplitudes. The calibration of both load and strain channels was performed for each 

individual sample prior to testing. The strain-controlled tests at lower strain amplitude levels 

were continued up to 10,000 cycles, then the tests were changed to load control at a frequency of 

50 Hz using sine waveform. The fracture surfaces of fatigued specimens were examined via 

Unit: mm 

T=3.1 W = 6 

A = 32  

R=12  

 L = 140  

C = 9.5  

http://www.astm.org/Standards/E606.htm
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SEM to identify fatigue crack initiation sites and propagation characteristics. The residual twins 

in the region near the fracture surface were observed as well. 

 

 

 

 

 

Fig.3.4. Illustration of the dimensions of the sub-sized fatigue test specimens. 

 

To study the effect of strain ratio on the LCF behavior of the ZEK100 Mg alloy, five different 

strain ratios, i.e., Rε=0.5, 0, -1, -3, and -∞, were used at a given total strain amplitude of 0.8% 

and at least two samples were tested at each level of the strain ratio. Test parameters used in LCF 

tests under different strain ratios at constant amplitude of 0.8% and a strain rate 1×10
-2

 s
-1 

are 

listed in Table 3.4. 

 

Table 3.4 Test parameters under different strain ratios at strain amplitude of 0.8% and a strain 

rate of 1×10
-2

 s
-1

. 

 

Strain ratio 

(Rε) 

Mean strain  

(εmean), % 

Maximum strain 

(εmax), % 

Minimum strain 

(εmin), % 

0.5 2.4 3.2 1.6 

0 0.8 1.6 0 

-1 0 0.8 -0.8 

-3 -0.4 0.4 -1.2 

-∞ -0.8 0 -1.6 

 

Unit: mm 

T=3.1 W = 3.1 

A = 16  

R=12  

 L = 120  

C = 9.5  
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The varying strain ratio tests were performed in the same manner at a strain rate of 110
-2

 s
-1

 and 

RT with triangular waveform loading. After fatigue testing, SEM was used to examine the 

fatigue crack initiation sites and identify the mechanism of fatigue crack propagation under the 

above applied conditions. 
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CHAPTER 4 

DEFORMATION BEHAVIOR OF A RE-FREE AZ31 Mg ALLOY DURING STEPWISE 

COMPRESSION 

 

4.1  Introduction 

 

The objective of this investigation is to identify the twinning characteristics in a RE-free 

extruded AZ31 Mg alloy under favorable conditions of profuse  2110  extension twinning using 

in-situ optical microscopy, electron backscatter diffraction, and X-ray diffraction analysis. 

Various double twinning structures acknowledged theoretically or through atomistic simulations 

were confirmed experimentally. 

 

4.2  Microstructural characterization upon compression 

 

Fig.4.1 shows the true stress-true strain curve of the extruded AZ31 Mg alloy compressed in the 

ED, along with distinct microstructures at different true strain amounts up to ~10.8%. Several 

typical areas on the sample surface were observed after each compression, aiming to capture 

distinctive, typical and special twinning features from the polished sample surface. It is seen 

from Fig.4.1 that prior to deformation, the alloy exhibited a twin-free microstructure, consisting 

of a mix of large and small grains (Fig.4.1(a)). Some lenticular traces of extension twinning 

appeared at  = 2.5% (Fig.4.1(b)), which were basically parallel to each other in a given grain. 

As the true strain amount increased to ~4.3% (Fig.4.1(c)) and ~6.0% (Fig.4.1(d)), twins were 

broadened and their morphology became more complicated (i.e., more misalignment was 
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observed within a single grain). A few distinct features started to emerge; hence the highlighted 

locations (i.e., L1 to L7 dashed boxes in Fig.4.1) will be studied in more details below. It should 

be noted that, to avoid the loss of generality, locations L1 to L7 were indicated on the 

micrographs of Fig.4.1 after carefully examining the whole microstructure so as to identify the 

most typical and prevailing deformation features.  

 

 

Fig.4.1 Typical compressive true stress-true strain curve along with microstructural changes at 

varying true strains of (a) 0%, (b) 2.5%, (c) 4.3%, (d) 6.0%, (e) 8.4%, and (f) 10.8%. 
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At a compressive true strain of ~8.4% (Fig.4.1(e)), fewer twins were seemingly seen compared 

with Fig.4.1(c) and (d), indicating that twin growth occurred via the coalescence of twins or the 

vanishing of twin boundaries. Extension twins were observed to merge together, sweeping 

through the entire area of a grain as highlighted in L7 in Fig.4.1(e). In addition, some narrow 

banded twins started to appear at  ~ 6.0% leading to the formation of double twins (L4 and L5 in 

Fig.4.1(d)). Twin-twin interactive structures were observed at various true strains throughout the 

micrographs (e.g., L1 in Fig.4.1(b) at  ~ 2.5%, and L6 in Fig.4.1(d) at  ~ 6.0%) and will be 

explained further below. Most of the matrix was swept at last at a strain of 10.8% and twins 

eventually encompassed the entire grain (Fig.4.1(f)).  

 

4.3  Evolution of crystallographic texture  

 

 0001  pole figures of the extruded AZ31 Mg alloy at different strain amounts are displayed in 

Fig.4.2. At  = 0%, almost all c-axes of the grains were nearly perpendicular to the ED (i.e., most 

basal planes of the grains were parallel to the ED). This orientation is favorable for extension 

twinning during compression along ED. The initial basal texture was fairly strong with a 

maximum intensity of ~7.7 MRD (multiples of random distribution) and significant changes 

were detected during compression. At a strain of 2.5% (Fig.4.2(b)), basal {0001} poles began a 

split towards ED, however the center maintained a higher intensity of ~9.4 MRD. With 

increasing strain levels from  = 4.3% (Fig.2(c)) to 8.4% (Fig.4.2(e)), more rotations of c-axes 

towards ED, opposing the compression direction, were observed where the maximum intensity 

increased from ~5.1 to ~9.1 MRD.  
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Basal plane  0001  -   

(a) ε = 0% (b) ε = 2.5% 

  
(c) ε = 4.3% (d) ε = 6.0% 

  
(e) ε = 8.4% (f) ε = 10.8% 

  
 

Fig.4.2  0001  pole figures obtained from (a) the undeformed sample and the compressed samples 

of the extruded AZ31 Mg alloy at true strain amounts of (b) 2.5%, (c) 4.3%, (d) 6.0%, (e) 8.4% 

and (f) 10.8%. Color code adjusted automatically.  

 

The c-axes of further more grains were directed to ED after 10.8% strain (Fig.4.2(f)) with a 

further higher maximum intensity of ~10.2 MRD, where almost no grains with the c-axes 

towards the center were left. Specific texture components developed during compression could 

be analyzed through the ODF. Bunge notations of Euler angles (1  2) were used for that 

purpose in Fig.4.3(a). A description of the orientation involving sequential rotations of the 

 ED 

TD   
ND 
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crystal coordinate system through three angles with respect to the specimen coordinate system 

was provided in Fig.4.3(b). Using such a crystal coordinate system, orientations could be 

specified from the Euler angles and the relationship between Euler angles (1  2) and texture 

components {hkil}<uvtw> in the Bunge system could be expressed by the following equations 

[99], 
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ODFs help describe the frequency of occurrence of a particular orientation in the Euler space 

chosen in the case of Fig.4.3(a) to be limited by 0≤ 1 ≤ 90, 0≤  ≤ 90 and 0≤ 2 ≤ 60 

based on the hexagonal crystal symmetry. Main texture components (TCs) could be seen from 

Fig.4.3(a) at varying strain amounts, since the identification of the main TCs relies on the 

localization of the maximum intensities throughout all compression stages. For instance, if a 

component is initially identified as a maximum intensity (e.g., TC1 at ɛ = 0% and 2 = 0 with an 

intensity of ~23.7 MRD), its intensity is determined and plotted throughout all compression 

stages even when it vanishes later.  
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  = 0%  = 2.5%  = 4.3%  = 6.0%  = 8.4%  = 10.8% Schematic 

ODF 

       

        

Fig.4.3(a)    

 

  

   

 

 

Fig.4.3(b, c)   

 

Fig.4.3 (a) ODF sections at 2=0 and 2=30 of samples compressed at 0%, 2.5%, 4.3%, 6.0%, 

8.4% and 10.8%, (b) definition of the crystal coordinate system based on the rotation of the 

specimen coordinate system through the Euler angles φ1, Φ, φ2 in accordance with the Bunge 

definition in the order of 1, 2, 3, and (c) evolution of main texture components with the strain.  

 

Similarly, if a component is observed to be strengthened at later compression stages (e.g., TC3 
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desired TCs, associated Euler angles are identified from the ODFs. Based on the Euler angles 

and using the raw data generated during XRD texture measurements to construct the ODFS, 

intensities associated with the identified angles could be determined and plotted in Fig.4.3(c). 

Table 4.1 lists the Euler angles of the identified four major texture components, where the planes 

and directions are indicated in the hcp unit cell. Note that the unit cell was positioned based on 

the crystal coordinate system presented in Fig.4.3(b). Euler angles resulting in the same TCs 

based on Equ.(4.1) and (4.2) have been grouped together in Table 4.1. Based on Fig.4.3(a), the 

undeformed sample had two main components TC1  01120001  at Euler angles of (30, 0, 0), (90, 

0, 0), (0, 0, 30), (60, 0, 30) and TC2   01100121  at Euler angles of (0, 90, 0). TC1 was reported 

by Hirsch and Al-Samman [13] to be among the most important texture components in extruded 

Mg alloys. Yi et al. [100] also identified an initial component similar to TC2 when studying the 

texture evolution in AZ31 during uniaxial loading. As the compressive strain continued to 

increase, TC1 and TC2 tended to disappear while two new major components, namely TC3 

  00010121  at Euler angles of (90, 70, 0) and (90, 90, 0) and TC4   00010101  at Euler 

angles of (90, 70, 30) and (90, 90, 30) started to form. It is clear that at a strain of 10.8%, TC1 

and TC2 almost fully transformed into TC3 and TC4, as seen from Fig.4.3(a), reflecting the 

rotation of the c-axes towards the ED as previously observed in Fig.4.2. Fig.4.3(c) quantifies the 

change of their intensity with the compressive strain, where TC1 and TC2 initially experienced a 

slight increase at  = 2.5% before fading away at higher strain amounts. This could be linked to 

the deviation of the maximum intensities towards the center combined with the slight ED-split 

that was previously observed in Fig.4.2 at the same strain amount. Starting from  = 4.3%, initial 

components weakened while TC3 and TC4 gradually intensified (Fig.4.3(c)).  
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Table 4.1 Main texture components identified from Euler angles in accordance with the 

specified crystal coordinate system in Fig.4.3(b). 
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4.4  EBSD analysis  

 

EBSD facilitated the study the samples compressed along ED at different strain amounts. 

Examinations of various twinning scenarios were focused in three typical regions encompassing 

a few relatively large grains that will be chosen to be studied separately. At each increment of 

true strain, the same grains were observed to depict the twinning behavior during stepwise 

deformation. The present EBSD studies used normal-projected orientation maps and a map color 

legend projecting the direction mutually normal to the ED and the observed surface.  

 

4.4.1  Twinning evolution in zone 1 

 

The orientation maps of the extruded AZ31 sample (zone 1) compressed at different strain 

amounts along with their corresponding inverse pole figures (IPFs) are shown in Fig.4.4. Similar 

to Fig.4.1, there was no twins present in the undeformed state (Fig.4.4(a)); with increasing strain 

 2110  extension twins formed, grew and coalesced. Close observations indicated that most grains 

in zone 1 seemed to endure a single twin variant, i.e., most of the twins in a given grain were 

parallel to each other. The initial IPF orientation component of zone 1 confirmed the presence of 

mainly red (i.e., <0001>-oriented grains) prior to deformation, indicating the presence of basal 

textures as previously observed through XRD crystallographic texture analysis in Fig.2. With 

increasing strain, lenticular-shaped extension twins were observed to nucleate and grow, leading 

to the appearance of some new twin segments due to the further increase in the width of twin 

bands. When the true strain reached 8.6%, the parent grains in zone 1 were almost totally swept 

by the {1012} extension twinning and some smaller subgrains were observed.  
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Fig.4.4 Normal-projected EBSD orientation maps and the corresponding inverse pole figures of 

zone 1 strained along ED at (a) 0%, (b) 2.5%, (c) 4.9%, (d) 6.8% and (e) 8.6%.                                         
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IPF orientation components shown in Fig.4.4 along with the orientation maps allowed 

concluding that, throughout the compression steps, more c-axes rotated towards the compression 

direction ED. This was revealed by the change of the maximum intensity on the IPF orientation 

components from a majority of <0001>-oriented grains (at  =0%) to a predominant direction 

between <0110> and <1210> (at  = 8.6%), in agreement with the Fig.4.2.  

 

4.4.2  Twin propagation in zone 2 and zone 3 

 

Another interesting EBSD feature observed is shown in Fig.4.5, which was obtained through the 

EBSD forward scatter detector (FSD) images of zone 2, facilitating the examination of both the 

matrix/parents and deformation twins. As the strain amount increased from 0% to 6.8%, 

micromechanics of extension twinning became more obvious through the motion of twin 

boundaries and the twinning-like lattice reorientation. Thus, FSD images went from nearly “flat 

surfaces” at  = 0% (Fig.4.5(a)) to highly misaligned and uneven surfaces at  = 6.8% 

(Fig.4.5(e)), where the imposed plastic strain on the parent grain was accommodated by the 

nucleation and glide of twinning dislocations at the twin boundaries. El Kadiri et al. [52] stated 

that “rough” twin boundaries were generated as the twins grew increasingly and slip in the 

parents was detected, causing the formation of local recessions and leading to the observed 

deformation of both parents and twins, as seen in Fig.4.5(e). In comparison with zone 1 (Fig.4.4), 

more twins intersecting each other in the same grain were observed in zone 2, where instances of 

twins branching to other twin systems occurred. In the previously observed zone 1 (Fig.4.4), at  

= 6.8%, twins were observed to be embedded in the original matrix by thickening or widening. 

In contrast, in zone 2 at the same strain (Fig.4.5(f)), a majority of slow-growing second-variant 
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twin systems were observed, resulting in a more limited growth rate. Further details about the 

growth of   2110  extension twins under single and double twin variants are discussed below.  

 

 

            

              

              

Fig.4.5 EBSD forward scatter detector (FSD) images and corresponding normal-projected 

orientation maps of zone 2 strained at (a, b) 0%, (c, d) 4.9% and (e, f) 6.8%, respectively. 

 

A third region has been studied via EBSD analysis, namely zone 3 in Fig.4.6 with a smaller 

initial true strain of 1.2% (Fig.4.6(b)), in comparison with zones 1 and 2 (Figs 4.4 and 4.5) which 
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started with 2.5% compressive strain. Zone 3 was therefore used for the detection of finer 

twinning structures appearing at early stages and was scanned with a smaller EBSD step size. 

More distinctive features were observed throughout the compressive steps of 2.5% (Fig.4.6(c)), 

5.5% (Fig.4.6(d)), and 8% (Fig.4.6(e)), and a few selected grains (indicated by the dashed boxes 

in Fig.4.6(a)) and specific positions (indicated in Fig.4.6(e)) are reported separately below.    

 

 

 

                                            
 

         
 

         
 

Fig.4.6 Normal-projected EBSD orientation maps of zone 3 strained along ED at (a) 0%, (b) 

1.2%, (c) 2.5%, (d) 5.5% and (e) 8%.                                         
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4.5  Discussion 

 

4.5.1  Effect of the grain shape on the growth of  2110  twins  

 

It is known that the activation of the main twinning system   11102110  provokes a 

misorientation of ~86.3º between the twinned and untwinned lattice [100]. Zone 1-grain 1 in 

Fig.4.7, undergoing stepwise compressions up to a strain of 4.9% showed an initial 

misorientation profile crossing the originally untwinned grain A – B at  = 0%, which displayed 

just a noisy background (Fig.4.7(b)), i.e., a low angle misorientations of ~1. A few lenticular 

twins appeared at  = 2.5%, with several peaks of ~86º seen in the misorientation profile, exactly 

corresponding to the number of twin boundaries intersected by line A – B (Fig.4.7(d)). At a 

strain of 4.9% (Fig.4.7(e)), it is of particular interest to observe that the position of 

misorientation peaks changed, indicating the movement of extension twin boundaries; the 

decrease in the number of misorientation peaks suggested the coalescence or merging of 

neighboring twins.    

 

Twin growth in zone 1 - grain 2 (Fig.4.8(a)), which had a different grain shape from zone 1 – 

grain 1 was further examined. The evolution with respect to the stepwise compression is shown 

in Fig.4.8(a-c), where the lattice orientation is represented by the schematic hcp unit cell; in 

agreement with the previously observed results via pole figures (Fig.4.2) and EBSD orientation 

maps (Fig.4.4), the c-axis of the grain was nearly perpendicular to the ED at  = 0% (Fig.4.8(a)). 

Three major extension twins were observed to form at  = 2.5%, which were accommodated by a 

~86º rotation of schematic hcp unit cells with respect to the untwinned matrix (Fig.4.8(b)). 
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Fig.4.7 Twinning sequence of zone 1- grain 1 by means of characteristic misorientation profiles 

between points A and B specified on the orientation maps, at true strains of (a, b) 0%, (c, d) 2.5%, 

and (e, f) 4.9%, respectively.   

 

Further compression led to the merging of pre-existing extension twins or the disappearance of 

twin boundaries, to accommodate the plastic deformation by twinning through the growth of 
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(f) 
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prevailing twin lamellae (Fig.4.8(c)). The mechanism of extension twin growth through the 

nucleation and glide of twinning dislocations on twin boundaries was schematized in Fig.4.8(d).  

 

                 
                                            

 
 

Fig.4.8  2110  twin-twin interactions in zone 1 - grain 2: (a) orientation map of the initial twin-

free microstructure, and twin growth during stepwise compression of (b) 2.5% and (c) 4.9%; the 

lattice orientation is represented by schematic hcp unit cells, and (d) schematic illustration.  

 

The nature of twin growth or twin boundary coalescence in zone 1 - grain 1 (Fig.4.7), and zone 1 

- grain 2 (Fig.4.8) was somewhat different. That is, at  = 4.9% zone 1 - grain 2 was almost 

completely swept by twin growth, while there was still a perceivable untwinned portion left in 

the zone 1 - grain 1 at  = 4.9%, as seen from Fig.4.7(e). This was related to the effect of initial 

(a) (b) (c) 

 

(Matrix) 

 Twin 

86.3º 

43.15º 
 

(Matrix) 
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grain size, shape and orientation, where he finer the grains and the larger the grain boundary 

misorientations, the higher the resistance to the nucleation and growth of twins, being similar to 

the dislocation slip.  

 

4.5.2  Growth of   2110  extension twins under similar and distinct twin variants 

 

Optical image shown in Fig.4.9(a) (i.e., L2 in Fig.4.1(c)) represented twinning deformation 

through one single variant, where the nucleation of several parallel extension twins with some 

spacing between them was observed. The lenticular shape of these twins was obvious due to the 

higher constraint at the intersection of a twin with the grain boundary. This dictated the driving 

force for the twin to grow near the ends. As a result, extension twins were observed to grow 

more in the middle area leading to the observed lenticular shapes in Fig.4.9. The  2110  

extension twin in hcp structures possesses six crystallographically equivalent variants. The active 

twin plane and its trace on the observational surface for a single-variant (V1) is shown in 

Fig.1.9(b), through a proper orientation of the hcp unit cell with respect to the stress axis. Using 

EBSD, the evolution of a typical single twin variant could be observed from zone 2 – grain 1 

presented in Fig.1.9(c), (d) and (e) through stepwise compression of 0%, 4.9% and 6.8%. Parallel 

twins were observed to thicken along with the appearance of some new twins with increasing 

strain, which decreased the spacing between them. The corresponding {0001} pole figure 

(Fig.4.9(f)) displaying the specific orientation of the initial matrix and the twins facilitated the 

detection of the type and variant of the observed twins in Fig.4.9(d) and (e), where the matrix re-

oriented towards ED by ~86º, confirming the formation and propagation of extension twins.  
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Fig.4.9 (a) Optical micrograph of a grain which experienced one variant of  2110  extension 

twinning with (b) the hcp unit cell plotted to detect the active twin planes and their traces. EBSD 

orientation maps of zone 2 – grain 1 showing the growth of  2110  twin variant at true strains of 

(c) 0%, (d) 4.9% and (e) 6.8%, respectively, and (f) the corresponding {0001} pole figure of the 

matrix and twins. 

 

A different twin morphology with two distinct variants was observed in the optical micrograph 

of Fig.4.10(a) (L3 in Fig.1(d)). This phenomenon would involve twin-twin interactions via the 

growth and inter-blocking between two different twin variants which based on [101] could be 

characterized as co-zone twins as displayed in the hcp unit cell presented in Fig.4.9(b). It was 

clearly observed from zone 2 – grain 2 in Fig.4.10(c), (d), and (e) that during compression the 

(a) 

10µm 

(b) 

ε = 0% ε = 4.9% ε = 6.8% 
(c) 
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growth of two variants of twins blocked each other by a “quilted-looking” structure in 

association with the twin-twin boundary formation. 

 

                
 

                           
 

 

Fig.4.10 (a) Optical micrograph of a grain which experienced two variants of  2110  extension 

twinning with (b) the hcp unit cell plotted to detect the active twin planes and their traces. EBSD 

orientation maps of zone 2 – grain 2 showing the growth of two  2110  twin variants at true 

strains of (c) 0%, (d) 4.9% and (e) 6.8%, respectively, and (f) the corresponding {0001} pole 

figure of the matrix and twins. 

(a) 

(b) 

(c) 
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This would retard the twin growth and promote the nucleation of new twins. Although the optical 

micrograph in Fig.4.10(a) corresponded to a later compression stage (= 6%) in comparison with 

Fig.9(a) (=4.3%), much thinner twins were observed at the same magnification. The matrix 

region observed in Fig.4.9(a) was nearly saturated at =4.3% which indicates that at this stage 

the nucleation of new twins stopped and instead twin growth became a major deformation 

mechanism. In this twin growth process, multiple twins of the same variant grew towards a 

single one until the entire grain was swept via twin merging. In Fig.4.10(a) a roughly counted 

number of twins was ~20 compared to ~10 twins in Fig.4.9(a), and in the later compressive stage 

twin boundary coalescence was delayed. It follows that when a grain experiences the propagation 

of two distinct variants, new twins are observed to nucleate inside the confined spaces created by 

the several intersections among the different twin variants. The two different twin variants were 

also identified in Fig.4.10(f) by means of the {0001} pole figure displaying the specific 

orientation of the initial matrix and the two propagating twins. Distinct variants were clearly 

identified and were observed to convert the matrix orientation to two different axes by an angle 

of ~86º. 

 

Further investigations were conducted on zone 2 – grain 2 deformed at 6.8% (Fig.4.10(e)), by 

considering its Euler angle map (based on the color code provided in Fig.4.11). The matrix M, a 

few neighboring grains and different twins propagating under similar and different variants were 

selected in Fig.4.11(a) and were described in terms of their angles in the 3D (1  2) Euler 

space. The conversion of M towards T1 and T1’ and towards T2 and T2’ was pointed out by the 

black arrows in Fig.4.11(b). The propagation of the co-zone twins under the two distinct axes 

from the matrix were clearly seen, which was in agreement with the pole figure in Fig.4.10(f). 
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The values of the Euler angles were determined for M and the selected twins (Fig.4.11(c)) where 

it was observed that twins sharing the same variant (e.g., T1 and T1’ or T2 and T2’) had almost 

identical (1  2) triplets. This was expected since extension twins propagating under one 

single variant were previously seen in Fig.4.9(f) to orient the matrix towards one single new 

orientation, unlike the case of different twin variants as confirmed by the distribution in the Euler 

space (Fig.4.11(b)) and the (1  2) angles (Fig.4.11(c)), where a clear re-orientation of the 

matrix with respect to the co-zone twins was seen.  

 

 
 

 φ1 º Φ º φ2 º 
M 102.34 118.61 43.89 

T1 22.07 76.71 29.99 

T1′ 22.37 77.02 29.61 

T2 73.12 28.68 54.17 

T2′ 72.92 29.10 55.61 

 

Fig.4.11 (a) EBSD Euler angle map of zone 2 – grain 2 (Fig.11(e)) strained at 6.8 %, (b) 

orientation relationships between matrix, twins and neighboring grains presented in the 3D Euler 

space based on the provided Euler color code, and (c) Euler angles of the matrix and the twins 

propagating under two different variants.  

 

(a) (b) 

(c) 
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4.5.3  Distinctive characteristics of  2110  twin-twin interactions 

 

Although atomistic simulations have been attempted in the literature [103], to the authors’ 

knowledge, specific twin-twin configurations witnessed at different stages of deformation 

process are lacking. Hence, one major aspect of the present study was to illustrate the kinetics of 

selected scenarios from the micrographs of Fig.4.1 and the EBSD orientation maps of zone 3 

(Fig.4.6) during stepwise compression. Two different twin-twin scenarios have been 

distinguished and referred to as type A, the ladder-like structure (Fig.4.12) and type B, the 

branching-like structure (Figs 4.13 and 4.14). Before analyzing these scenarios, it should be 

noted that the formation process of these twin structures with respect to the compressive stress 

axis would be more adequate while studying the twin formation in a single crystal. However, in 

the case of a grain in a polycrystalline material such as the present AZ31 Mg alloy, the formation 

of a twin involves shearing of the matrix and when twin nucleation occurs at a grain boundary, 

the immediate neighborhood in the adjoining grain must also be sheared, and the 2
nd

 order stress 

state of the grain constrained by neighboring grains has to be considered. Further studies in this 

aspect are needed.  

 

Fig.4.12(a) represents a ladder-like structure. As shown in the schematic illustration of 

Fig.4.12(b), it was formed when two pre-existing twins T1 and T1' with the same  2110  twin 

variant were observed to propagate in parallel. Incoming twins T2, T3, and T4 (i.e., having 

obviously a smaller size than the pre-existing twins due to their later appearance) were trapped 

in-between T1 and T1', leading to a ladder-like characteristic. T2, T3, and T4 also shared the same 

variant, but different from T1 and T1'. Due to the lenticular shape of their tips, the new twins T2, 
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T3 and T4 could not have nucleated from the twin boundaries of the pre-existing twins T1 and T1’. 

Thus, T2, T3, and T4 were likely to form separately from the matrix grain as sketched in 

Fig.4.12(b). It should be noted that for simplification purposes the boundaries of these twins 

were approximated by two parallel lines rather than the lenticular shape in Fig.4.12(a).  

 

Ladder-like structure was studied via EBSD analysis through stepwise compressions (Fig.4.12(c-

f)). As stated above, it is confirmed that T1 and T1' formed first at an earlier compressive stage 

than that of Fig.4.12(a), since they were already present at a true strain of 1.2% (Fig.4.12(c)). 

Then, at 2.5% (Fig.4.12(d)), a new set of twins with a different variant started to nucleate from 

the matrix, and impinged on the inner boundaries of T1 and T1', where they were obstructed and 

twin-twin boundaries formed. This could be more clearly seen at a later compressive stage 

(Fig.4.12(e) at 5.5%). At a higher compressive stage of 8%, incoming twins T2, T3, and T4 were 

observed to “dissociate” on the boundaries of pre-existing twins T1 and T1'. This process was 

introduced in [102] as the formation of twin-twin boundaries upon dissociating the twinning 

dislocations of incoming twins into the twinning dislocations of the pre-existing twins with the 

formation of a residual, leading to the development of a twin “junction” as seen in Fig.4.12(f) 

where a junction between two twins propagating under a similar variant (i.e., the two merging 

blue twins in Fig.4.12(f)) was formed along with a pre-existing twin. Hence, the ladder-like 

structure was characterized by the “trapping” of a series of small parallel twins inside two thicker 

pre-existing twins, creating the confined spacing bounded by the finer twin lamellas. The 

orientation relationship between zone 3 – grain 1 and the observed twins in Fig.4.12(c-f) were 

analyzed by means of the {0001} pole figure (Fig.14.12(g)) which displayed the conversion of 

the matrix orientation towards distinct extension twin variants by ~86º from the matrix.  



60 

 

 

 

 

 

 

Fig.4.12 (a) Optical micrograph illustrating type A twin-twin interaction (ladder-like structure), 

and (b) schematic diagram. EBSD orientation maps of zone 3 – grain 1 showing the growth of 

the ladder-like structure at true strains of (c) 1.2%, (d) 2.5%, (e) 5.5% and (f) 8%, respectively, 

and (g) the corresponding {0001} pole figure of the matrix and the twins.  

(a) 

(b) 

Type A: Ladder-like structure 

ε = 1.2% ε = 2.5% ε = 5.5% ε = 8% 
(c) 

(g) 

(d) (e) (f) 
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A branching-like structure (Fig.4.13(a)) was also observed at a later compressive stage than the 

ladder-like structures (L6 in Fig.4.1(d)). This was likely to be a result of the interactions of three 

non-co-zone twin variants V1, V2, and V3 (Fig.4.13(b)). A pre-existing twin T1 (i.e., having the 

thickest boundaries corresponding to variant V1) first appeared, and was then followed by 

incoming twins of the same variant (e.g., T1' and T1'' in Fig.4.13(a)), and of different variants 

(e.g., T2 and T2' under V2, as well as T3 and T3' under V3 in Fig.4.13(a)). The shape of the twins in 

the branching-like structure (e.g., the thickness and sharpness of the tips) was observed to vary 

among the incoming twins of various variants, which dictated their sequence of appearance. 

Since the branching-like structure was characterized by the initial formation of T1 (propagating 

under the variant V1), and then the appearance of the rest of the twins propagating under V2 and 

V3, the Schmid factor (SF) of these variants was of interest in order to understand the 

mechanisms leading to the selection of specific twin variants. SF was defined as [51], 

  coscosm ,  (4.3) 

where   is the angle between the load axis and the twinning plane, and  is the angle between 

the load axis and the shear direction. SF values were calculated based on Equ.(4.3) and the 

detection of the active twin planes and their traces were determined in the HexaSchmid software 

(V1 in Fig.4.13(c), V2 in Fig.4.13(d), and V3 in Fig.4.13(e)) for the twins propagating under the 

various variants involved in Fig.4.13(a). As summarized in Fig.4.13(f), twin T1 displayed the 

highest SF (~0.499) along the twinning plane and direction of ( 2110 )[ 1110 ], whereas the rest of 

the twins propagating under V2 along ( 1021 )[ 1101 ] and V3 along ( 1210 )[ 1110 ] displayed a lower 

Schmid factor (~0.125). The SF values for the different variants thus confirm that in the 

branching-like structure, the activation and growth of T1 were favored by external stresses, when 

the resolved share stress onto the twinning habit of V1 and in the twinning direction is the highest.  



62 

 

                

 

       
 

 Twin plane  

and direction  

(h k i l )[u v t w] 

Schmid factor  

(SF) 

V1 ( 2110 ) [ 1110 ] 0.499 

V2 ( 1021 ) [ 1101 ] 0.125 

V3 ( 1210 ) [ 1110 ] 0.125 

 

Fig.4.13 (a) Optical micrograph illustrating type B twin-twin interaction (branching-like 

structure), (b) the corresponding hcp unit cell plotted with respect to the stress axis, and active 

twin planes and their traces in (c) V1, (d) V2, and (e) V3, and (f) Schmid factors for different 

variants of extension twinning.  

 

 

Type B: Branching-like structure 

(a) 

(b) 

Twin variant - V1 Twin variant – V2 Twin variant – V3 

 Load direction 

  Plane normal 

(c) (d) (e) 
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To depict the evolution of the branching-like structure during stepwise compressions, EBSD 

investigations were conducted on a selected grain from zone 3 – grain 2, presented in Fig4.14.  

 

 

 

Fig.4.14 EBSD orientation maps showing the growth of the branching-like structure in zone 3 – 

grain 2 at true strains of (a) 0%, (b) 1.2%, (c) 2.5%, (d) 5.5% and (e) 8%, and (f) the 

corresponding {0001} pole figure of the matrix and the twins. 

 

At the earliest compression stage of 1.2% (Fig.4.14(b)), zone 3 – grain 2 only witnessed the 

nucleation of a few thin lenticular twins under the variant V1 (Fig.4.13(c)). At the next stage of 

2.5% (Fig.4.14(c)), twins under V1 were observed to thicken along with the appearance of two 

(b) ε = 1.2% (c) ε = 2.5% (d) ε = 5.5% (e) ε = 8% (a) ε = 0% 

(f) 
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sets of twins propagating under V2 (Fig.4.13(d)) and V3 (Fig.4.13(e)). At 5.5% (Fig.4.14(d)), all 

twins under the three distinct variants continued to grow, however twins under V1 were 

characterized by a thicker morphology. The results observed in Fig.4.14(d) at 5.5% confirmed 

the previous findings discussed in Fig.4.13(a) due to the proximity of their true strain values, 

since Fig.4.13(a) was depicted at 6% true strain. At the final compressive stage of 8%, twins 

propagating under V1 were observed to be highly active compared to the twins growing along the 

other two variants. Thus, the EBSD analysis was in agreement with the SF results where V1 

displayed the largest SF of ~0.499 (Fig.4.13(f)), being favored by the external stresses. In 

addition, the {0001} pole figures of zone 3 – grain 2 and the twins propagating during 

deformation were displayed in Fig.4.14(f). The matrix grain orientation was observed to change 

into three distinct orientation axes up to >85º, corroborating the presence of three variants of 

 2110  extension twins. In this context, Godet et al. [51] established a schematic representation of 

the {0001} pole figure of the orientations obtained by extension twinning along with their 

respective SFs and the obtained results are highly consistent with the variant locations on the 

pole figure in Fig.4.14(f) and the calculated SFs in Fig.4.13(f).  

 

4.5.4  Re-twinning and double twinning  

 

Fig.4.15(a) presents a micrograph of a double extension twin structure where the same variant of 

secondary  2110  twin formed inside the primary extension twin. As shown in the schematic 

diagram (Fig.4.15(b)), re-twinning (i.e., double twinning inside the pre-existing twin with the 

same twin variant as the parent twin), was observed. In this case both active twin variants were 

identical and the secondary twin had its basal planes parallel to those of the untwinned matrix. 
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Fig.4.15(c) represents zone 2 – grain 3 undergoing stepwise compressions which was observed 

to experience the nucleation and growth of a single twin T1 at 4.9% (Fig.4.15(d)). At a more 

advanced compression of 6.8% (Fig.4.15(e)), T1 was observed to thicken considerably in 

comparison with Fig.4.15(d), and a thin twin (T2 in Fig.4.15(e)) was observed to propagate under 

the same variant as the parent twin T1. To better understand the twinning sequence of Fig.4.15(e), 

the {0001} pole figure of the matrix and the twins was presented in Fig.4.15(f). It demonstrates 

that the initial twinning of T1 converted the matrix orientation to ~86º towards ED, then the 

further strain changed the orientation of T1 to T2 by extension twinning as well (~86º) around the 

same axis. After this double twinning sequence, the scattered orientation went nearly back to the 

basal orientation. This would be expected since double twinning with the same variant as the 

parent twin was observed in the schematic representation of Fig.4.15(b) to lead back to a 

secondary  2110  twinning basal plane. The nature of the observed double twin was also revealed 

through the peaks of the misorientation profiles which occurred when the boundaries of T1 

(Fig.4.15(g)) and T2 (Fig.4.15(h)) were crossed. It is clear that misorientation angles of ~86.3º 

were obtained in all four crossings, confirming the presence of the same variant  2110  double 

twinning.  

 

One of the most common double twins is the    21103110   combination shown in Fig.4.16(a). 

Based on Kwon et al. [104], the    21103110   double twin is usually generated by the 

formation of a secondary  2110  twin inside a primary  3110  twin. The formation sequence of the 

double twin could be debated. The first possibility is that the  2110  secondary extension twin 

occurs simultaneously during growth of the primary contraction twin to facilitate the complex 

shuffle required at the tip of the growing contraction twin. 
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Fig.4.15 (a) Optical micrograph of a grain which experienced  2110  double twinning with the 

same twin variant as the parent twin, and (b) the corresponding schematic illustration. EBSD 

orientation maps of zone 2 – grain 3 at true strains of (c) 0%, (d) 4.9% and (e) 6.8%, respectively, 

(d) the corresponding {0001} pole figure of the matrix and twins, and misorientation profiles 

across the boundaries of (g) the parent twin T1, and (h) the secondary twin T2.  

(a) 

(b) 

ε = 4.9% ε = 0% ε = 6.8% 
(c) (d) (e) 

(g) (h) 

(f) 
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The second contrasting possibility is that despite their narrow size, contraction twins are assumed 

to form first and then re-twin on  2110  thus supporting the delayed secondary twinning 

hypothesis. Beyerlein et al. [54] reinforced the second hypothesis by proving that due to the 

occurrence of dissociation reactions of slip dislocations, the primary  3110  twin domain thickens 

sufficiently to incorporate the  2110  secondary extension twin, and to contribute to strain 

accommodations. A schematic illustration attempting to represent the  3110 – 2110  double twin 

could be sketched in Fig.4.16(b), where a pre-existing or newly nucleated  3110  contraction twin 

(~64º in misorientation) was assumed to quickly retwin with a  2110  variant, leading to the 

double twin which continued to grow into the matrix grain. Further evidence could be provided 

from the EBSD analysis of zone 3 – P1 (Fig.4.16(c)). At a true strain of 5.5%, only the 

untwinned area of the matrix grain was observed. At the next compressive stage of 8%, a double 

twin structure of very fine twin lamellas nucleated. To better understand the twinning sequence, 

the {0001} pole figure of the matrix and the twins was provided. The sequence of twinning could 

be traced from the matrix orientation which was observed to travel towards T1 after undergoing 

an angle >60º. T1 was then observed to re-orient towards T2 by ~86º. Similar observations were 

made in [55] while studying the formation sequence of the analogous  1110 – 2110  double twin 

where a primary  1110  twins were followed by  2110  twins contained within the  1110 .  

 

Another type of twinning was depicted in zone 3 – grain 3 (Fig.4.17(a)) starting from early 

compression stages at ɛ = 1.2%, where a few thin twin lamellas were observed (e.g., T1 in 

Fig.4.17(b)). To understand the nature of these twins, the corresponding discrete {0001} pole 

figure of the matrix and the twins was displayed in Fig.4.17(f) where a re-orientation by an 

angle >70º was observed. 
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Fig.4.16 (a) Optical micrograph of a grain which experienced    21103110   double twin and (b) the 

corresponding schematic illustration. EBSD orientation maps of zone 3 – P1 (Fig.7(e)) compressed at 

(c) 5.5%, and (d) 8%, showing the formation of the    21103110   double twin, which is confirmed 

through (e) the corresponding {0001} pole figure of the matrix and the twins, and the misorientation 

profiles across the boundaries (f) b1 and (h) b2 of the parent twin T1 and (g) the secondary twin T2.       

ε = 5.5% ε = 8% 

(a) 

(b) 

(c) (d) 

(e) 

(f) (g) (h) 
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This corresponded to the  1211  twin referred to as the extension twin embryo, and inducing a 

rotation of the twinning plane by ~72.9º with respect to the matrix basal plane [105]. Wang et al. 

[106] studied the nucleation of twin embryos in BCC structures and stated that twin embryo was 

always able to nucleate from the free surface and to expand into a twin band in some favorable 

surface sites. Extension twin embryo has also been reported in the literature as a mechanism that 

aided the formation of  2110  extension twins. Hence, to understand better the evolution of 

extension twin embryos, zone 3 – grain 3 was compressed further at 2.5% (Fig.4.17(c)). The first 

observation that could be made is that the orientation of the parent matrix and the twin embryos 

in Fig.4.17(c) slightly varied compared to those shown in Fig.4.17(a) and (b). This could be 

attributed to the appearance of several lenticular twins under different variants (e.g., T2, T3 and 

T4 in Fig.4.17(c)). Since new twin boundaries were generated, and as the twins started to grow, 

slip in the parent was detected, causing the formation of local recessions and leading to the 

observed orientation change in both parent, twins, and a few neighboring grains. The analysis of 

the twinning features in Fig.4.17(c) revealed that the pre-existing  1211  twins started already to 

endure several secondary  2110  twins at 2.5% (e.g., formation and propagation of T2 within T1 in 

Fig.4.17(c)). In addition, a few single  2110  twins were observed to propagate individually from 

the matrix under different variants (e.g., T3 in Fig.4.17(c)). It is noted that the pink twin variant 

which also started to appear (e.g., T4 in Fig.4.17(c)) was not taken into consideration since only 

the twins which interacted with the extension twin embryos were of interest. The corresponding 

{0001} discrete pole figure (Fig.4.17(g)) revealed different possible orientation scenarios: (1) 

The matrix travels by ~70º towards the  1211  orientations, which re-orients again by ~86.3º, 

leading to the formation of  2110  extension twins (the nucleation of T2 within T1 could be taken 

as an example). (2) The matrix travels by ~86º towards the  2110 , leading to the formation of 
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single  2110  extension twins (the nucleation of T3 in the parent matrix of Fig.4.17(c) could be 

taken as an example). It is noted that both scenarios (1) and (2) are possible since the embryonic 

twin structures are only present to facilitate the propagation of  2110  twins and do not oppose 

their single propagation. At a further compressive stage of 5.5%,  1211  twins were less seen and 

started to vanish to the expense of the  2110  extension twins. This could be related to the 

merging of the individual  2110  twins propagating within the parent grain and the secondary 

 2110  extension twins formed inside the  1211  embryos, which would lead to the disappearance 

of the embryos. The scattered pole figure in Fig.4.17(h) showed a decrease in the distribution of 

the  1211  twins compared to Fig.4.17(g) (i.e., less orange color observed towards the center), 

however an increase in the scattered points of the  2110  extension twins was noted in Fig.4.17(h) 

(i.e., the darker blue color towards ED). The scatter points of the matrix (light blue color towards 

TD) also decreased in Fig.4.17(h) since the grain is extensively twinned by the  2110  twins. The 

final compressive stage at 8% confirmed all the previous observations since the embryonic twins 

were almost invisible in Fig.4.17(e) and only thin dots were observed at the center in the 

Fig.4.17(j). The matrix was also highly twinned due to the  2110   twin boundary coalescence and 

the corresponding poles representing the matrix also decreased in Fig.4.17(j), however an 

increasing number of scattered poles were formed towards ED, confirming the basal plane 

rotations due to extension twinning. The thick red dashed arrow in Fig.4.17(j) shows that at a 

true strain of 8%, the  1211  embryonic twins which played an important role of a “connecting 

bridge” at early compressive stages between the matrix and the twins almost all vanished, and 

the matrix is assumed to twin directly by ~86º, without the intermediate passage by the  1211  

twins.  
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Fig.4.17 (a) Initial EBSD orientation map of zone 3 – grain 3, along with the deformed maps 

(observational plane and color legend displayed in Fig.4) and their corresponding {0001} pole 

figures of the matrix and the twins at true strain values of (b, f) 1.2%, (c, g) 2.5%, (d, h) 5.5%, 

and (e, i) 8%.  

 

4.5.5  Feasibility of crossing between different types of twins 

 

 

In this section the possibility of the transmission of an impinging twin is examined when 

crossing another twin through a secondary twinning path. Fig.4.18(a) displays zone 3 – P2 at a 

compressive stage of 5.5% where a few lenticular extension twins were observed to propagate. 

The same location was observed at a later compressive strain (Fig.4.18(b) at 8%) where the 

previously observed extension twins merged (Te1 and Te2 in Fig.4.18(b)) and a very thin 1110  

contraction twin (Tc in Fig.4.18(b)) was detected between them.  

(f) (g) (h) (i) 

(b) ε = 1.2% (c) ε = 2.5% (d) ε = 5.5% (e) ε = 8% (a) ε = 0% 

T3 

T4 
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Fig.4.18 EBSD orientation maps of zone 3 – P2 compressed at (a) 5.5% and (b) 8%, showing the 

formation of  a crossing-like twin structure between a thin 1110  contraction twin which 

encounters two merged  2110  extension twins. Schematic illustrations of (c) the case of an 

actual crossing and (d) the case of an apparent crossing between twins are also provided.  

 

The feature observed in Fig.4.18(b) was considered as an “apparent crossing” twin structure, 

where impinging twins were linked on each side of twin lamella. To better illustrate this behavior, 

microstructural characteristics were compared with two schematic scenarios (Fig.4.18(c) and (d)), 

where the angle θ in Fig.4.18(b) was of concern. The detailed sketches revealed that θ < θ1 

(Fig.4.18(c)) in the case of an actual crossing (i.e., the twin basal plane of  1110  was obtained 

(a) (b) 

(c) (d) 
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through a misorientation of ~56.2º of the  2110  twin basal plane on both sides of the crossing), 

where the narrow banded contraction twin was observed to pass through the merged extension 

twins. In the case of Fig.4.18(d), θ ~ θ2 and it could be seen that the twinned crystal encountered 

two extension twin boundaries crossing the secondary twinning path of the contraction twin; 

however, none of twins was actually crossing the other (i.e., Tc, Te1 and Te2 were linked on the 

sides of the twin lamellas where Tc was obtained by a crystal orientation of ~56.2º from the 

matrix basal plane). Yu et al. [102] studied the twin intersection region as well as the c-axis 

misorientation with respect to the crystal orientation and concluded that no twin crossing or 

transmission occurred upon the contact of one twin with another twin; only a “tilt” was induced 

by dislocation formation at the twin-twin boundary. The previous statement could be related to 

the fact that hcp structures were characterized by unidirectional twinning having one set of 

dislocations per twinning plane, hence the unlikeliness of a crossing twin structure.  

 

4.5.6  Theoretical analysis of twin-twin interactions 

 

As previously seen, when a grain experiences single or double variants of  2110  extensions 

twinning, twin-twin boundaries are expected to form due to the interaction of two or more twin 

variants with each other. In this context, Fig.4.19(a) represents two incoming twins T2 and T3 of 

the same  2110  twin variant, approaching the boundary of twin T1 having a different  2110  twin 

variant. T1 is referred to as the pre-existing twin; T2 and T3 as the incoming twins, based on their 

chronological appearance. The nature of twinning dislocation reaction was a key in 

differentiating the three mechanisms presented in Fig.4.19.  
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Fig. 4.19 Formation process of twin-twin boundaries: (a) two twins approaching the boundary of 

a pre-existing twin, (b) impingement of twinning dislocations on the twin boundary, (c) zipping 

process where dislocations between the twins in contact form common junctions, and (d) 

dissociation where twinning dislocations associated with one twin dissociate into twinning 

dislocations of the other twin. 

 

The impingement process, shown in Fig.4.19(b), was encountered whenever the front tips of 

approaching twins (e.g., T2 and T3) were obstructed at the boundary of another pre-existent twin 

(e.g., T1). T2 and T3 were therefore responsible for the impingement of twinning dislocations on 

the twin boundary of T1, leading to coincident twin-twin boundary planes (i.e., the common 

interface bisecting two twinning planes) with a similar character of the twinning dislocations to 

the incoming twins. Fig.4.19(c) and (d) are related to the stage at which  2110  twins merged and 

continued to grow together. Two scenarios are possible based on the gliding mechanisms of 

(a) (b) 

(c) (d) 

Approaching Impingement 

Zipping Dissociation 
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twinning dislocations. A color code was used to indicate the dislocations in Fig.4.19(c) and (d), 

where twinning dislocations related to incoming twins T2 and T3 were colored in black and those 

for T1 (i.e., the pre-existing twin) in purple. The resultant junctions of twin-twin boundary 

dislocations were presented in yellow and green on each side of the contact surface, respectively. 

The configuration shown in Fig.4.19(c) was related to the zipping process defined as the 

formation of dislocation junctions piling up into a “dislocation wall”, which corresponded to the 

twin-twin boundaries. Twinning dislocations related to the pre- existing twins (i.e., purple color 

in Fig.4.19(c)) were observed to be pushing inwards to accommodate the formation of the 

common junctions. The third option sketched in Fig.4.19(d) is related to the dissociation process 

which could be introduced as the formation of twin-twin boundaries upon dissociating the 

twinning dislocations of incoming twins (e.g., T2 and T3) into the twinning dislocations of the 

pre-existing twin (e.g., T1), with the formation of a residual. Yu et al. [102] reported that the 

residual formed after gliding of twinning dislocations towards the boundaries was left at the 

intersection of the two twins, corresponding to a junction. Hence, more resulting twin boundary 

dislocations were involved (i.e., dislocations presented in green and yellow in Fig.4.19(d)) 

compared with the previous zipping process, and the dislocations associated with the pre-existing 

twin (i.e., purple color in Fig.4.19(d)) were pointing outwards to accommodate the dissociation.  

 

4.5.7  Contribution of twinning to the deformation behavior 

 

The inadequate number of basal slip systems in Mg alloys made twinning substantial to 

accommodate plastic deformation, due to its lower CRSS compared to prismatic and pyramidal 

slip. Stepwise compression was performed along ED to facilitate extension twinning and its 
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derivatives, which led to the observed texture formation in Fig.2 and the reorientation of the 

main texture components in Fig.4.2. Although narrow banded 3110 – 2110  double twins could 

also accommodate compressive strains along the c-axis at RT [107], their limited growth 

prevented them from reaching the size and volume fraction of the 2110  extension twins, and 

hence contributed much less to the shear accommodation. The  1211  twins could not propagate as 

single embryonics as most of them grew to extremely thin and imperceptible lamellas. However, 

they played a major role in accelerating the propagation of  2110  twins, by rapidly hosting them 

as secondary twins (Fig.4.17). Among the major impacts of twining on the deformation behavior 

of AZ31 is the tension-compression yield asymmetry, including a concave-shaped change in the 

flow curve and a rapid hardening regime [178].   

 

Significant differences in twinning characteristics were observed above, depending on the 

activation of specific  2110  twin variants. Also, twin-twin interactions between pre-existing and 

incoming twins belonging to different twin variants were identified. The foundation of the 

above-mentioned mechanisms could be understood by considering the following four main 

aspects: (1) the stresses for activating twinning and slip, (2) activities of twinning and slip during 

deformation, (3) the Hall-Petch effect by twinning-induced grain size change, and (4) twinning-

induced change in activities of slip. The strain accommodated by twinning could be calculated as 

[109],  

 TTT mf  .. ,  (4.4) 

where T  represents the twinning strain, Tf  is the volume fraction of twins, m is the average 

Schmid factor of the twin variant, and T is the characteristic twinning shear. The total strain 
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total  could be expressed as the sum of contributions of the slip strain slip  and the twinning 

strain T , i.e.,  

 slipTtotal   .  (4.5) 

Thus the fractional contribution of twinning during deformation (i.e., the increment in twinning 

strain per unit total strain) would be, 

 T

total

T

total

T m
d

df

d

d





.. .  (4.6) 

Similar to the present study, Hong et al. [110] plotted each of the contributions of twin and slip 

during compression along ED and observed that up to ~4% compressive strain, twinning mostly 

dominated the deformation behavior. The capacity of twinning then started to decrease, and 

equal fractions of twinning and slip reached at ~6.2%. This could be linked to the present results, 

where beyond ~6.0% compressive strain the twinning nucleation activity was observed to 

diminish considerably at the expense of the twin growth and twin boundary coalescence.    

 

Since twin-twin boundary interactions have been of major interest in the current study, the effect 

of these twin boundaries was linked to the increase in the flow stress since they acted as 

obstacles against the dislocation motion [111]. Volume fraction of these boundaries could be 

considered inversely proportional to the effective grain size and their effect on the flow stress 

could be further linked to the Hall-Petch strengthening activated by the “twinning-induced” grain 

size change. The Hall-Petch hardening stress PH   could then be expressed as [110], 
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where dinitial is the initial grain size, deff is the effective grain size (at a given strain) and k is the 

Hall-Petch coefficient. Hence, the various twinning mechanisms discussed in this study had the 

effect of reducing deff through the stepwise compression and leading to a more significant Hall-

Petch stress and supports the observed strain hardening mechanisms via twinning deformation.  

 

4.6 Summary 

 

The present work combines detailed observations on single and double twin nucleation, growth, 

and interaction in an extruded AZ31 Mg alloy. Major findings are: 

1. The propagation of a single twin variant led to a relatively fast saturation of twin nucleation 

after which the increase in strain was predominantly accommodated by the growth of 

existing twin lamellas. 

2. For double twin variants, the intersecting twins led to the confinement of the spaces 

constrained by the fine twin lamellas. Various double twinning structures acknowledged 

theoretically or through atomistic simulations were experimentally observed. 

3. New twin-twin interaction scenarios were identified depending on the strain amounts and 

paths of incoming twins and their impingement on the pre-existing twins. 

4. The formation of the branching-like structure involved at least three non-co-zone  2110  

extension twin variants and Schmid factor analysis was used to understand its formation with 

respect to the activation and growth of stress-favored twin variants.  

5. EBSD analyses revealed the nucleation and growth of multiple  2110  secondary extension 

twin variants in the primary 1211  embryonic twin, giving rise to the faster vanishing of the 

primary 1211  embryonic twin during deformation.   
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6. The apparent crossing between a very thin  1110  contraction twin and two merging  2110  

extension twins was analyzed by means of the angular deviation between the twinning planes 

of the extension and contraction twins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



80 

 

CHAPTER 5 

CYCLIC DEFORMATION OF A LOW RE-CONTAINING ZEK100 Mg ALLOY 

 

5.1 Introduction 

 

Low-cost and low RE-containing Mg alloys are being considered for the lightweight automotive 

applications to reduce fuel consumption and emissions. Design of Mg components requires 

strain-controlled LCF behavior. Thus, this investigation was aimed to evaluate the cyclic 

deformation characteristics and LCF life of a low (0.2 wt.%) Nd-containing ZEK100 alloy 

compared to a RE-free Mg alloy and a high RE-containing alloy. 

 

5.2 Microstructure and EBSD measurements 

 

A 3-D EBSD band contrast (BC) mapping is shown in Fig.5.1(b). Black dots observed (i.e., 

pointed out by the arrows) indicate the presence of a small fraction of randomly distributed 

second-phase precipitates that will be later investigated by XRD phase identification and EDS. A 

more keen investigation on grain distribution is shown in Fig.5.2 which represents the EBSD 

orientation map on the RD-TD plane. Most of the grains were seen to be equiaxed with a quasi-

uniform distribution. This was mainly related to the happening of dynamic recrystallization 

(DRX) throughout the rolling process which was followed by annealing. Martin et al. [112] also 

observed recrystallized grains with a relatively small size (~5 µm) in the as-received ZEK100. 

Based on the standard color key provided, majority of grains on the RD-TD plane were oriented 

with their c-axis perpendicular to RD (i.e., their basal planes were parallel to RD). This is 
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common for the rolled and extruded Mg alloys [113]. Also, the EBSD orientation map was in 

agreement with that reported by Aslam et al. [114] and Martin et al. [112] for a similar ZEK100-

O alloy.  

 

 

Fig.5.1 (a) Geometry and dimensions (in mm) of fatigue test specimens, and (b) three-

dimensional EBSD band contrast (BC) mapping of the rolled ZEK100 Mg alloy in an annealed 

state, where RD stands for the rolling direction, TD denotes the transverse direction, and ND 

indicates the normal direction.   

 

5.3 X-ray diffraction analysis 

 

Fig.5.3 shows the XRD pattern of the ZEK100. In addition to the obviously dominant α-Mg 

phase, both Zn and Nd-containing intermetallic compounds were detected in the form of MgZn 

 RD 

TD 

ND 

(a) 

(b) 
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and Mg12Nd phases. MgZn and Mg12Nd could also be seen from a typical back-scattered 

electron SEM image as shown in Fig.5.4. The EDS point analysis revealed an atom percent of 

91.6% Mg and 8.4% Nd for particle A, which had an atomic ratio close to that of Mg12Nd. 

Similarly, an atom percent of 56.2% Mg and 43.8% Zn was obtained for particle B, which was 

close to the atomic ratio of MgZn. Indeed, Mg12Nd and MgZn could be seen from the Mg-Nd 

binary phase diagram [115] and the Mg-Zn binary phase diagram [116], respectively.  

 

                               

Fig.5.2 EBSD orientation map on the RD-TD plane of the rolled ZEK100 Mg alloy.  

 

5.4 Characterization of crystallographic texture 

 

Fig.5.5 displays  0001 ,  0110  and  1110  pole figures of the ZEK100. The observed texture 

intensities were considerably lower compared to the RE-free AZ31 Mg alloy previously seen in 

Fig.4.2(a). Texture intensity of ~3.7 MRD was observed for ZEK100 for the (0001) basal plane, 

where the c-axes of most grains were aligned perpendicular to the RD. Similarly, texture 

investigations were conducted for ZEK100 by Min and Lin [78], who reported a maximum 

intensity of 3.621 MRD for the (0001) pole figure, nearly the same as the present value. 

RD 

TD 
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Fig.5.3 X-ray diffraction pattern of the ZEK100 Mg alloy. 

 

 

 
 

 

 

 

 

Fig.5.4 SEM back-scattered electron image specifying EDS point analysis locations and the 

corresponding composition at particles A and B, respectively.  
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The texture exhibited a TD-split basal texture and was attributed to typical Mg-X-RE ternary 

alloys [117]. Compared with pure Mg or other commercial Mg alloys, it was clear that the 

addition of a small amount of Nd led to texture weakening. One reason for texture weakening 

was likely to be associated with the formation of solid solution of RE elements in Mg, which 

increased the difficulty for the rotation of basal planes (or twinning) due to the difference in the 

atomic radii between Mg and RE elements. Since the atomic size of all RE elements is 

significantly larger than that of Mg, a substitutional RE atom would cause an intense lattice 

distortion, i.e., impose compressive strains in its vicinity [118]. Another reason for texture 

weakening was the presence of second-phase precipitates Mg12Nd and MgZn. As reported by 

Humphreys [119], precipitation of second-phase particles could delay the dislocation movement 

and form stress concentrations adjacent to the precipitates which would enhance the particle 

simulated nucleation (PSN) of DRX and thus result in the lessening of basal texture.  

 

 

Basal 

plane 

 0001

 

 

 

 

Prismatic 

 plane 

 0110

 

 

 

 

Pyramidal 

 plane 

 1110

 

 

Fig. 5.5  0001 ,  0110  and  1110  pole figures of the rolled ZEK100 Mg alloy, where RD stands 

for the rolling direction, TD for the transverse direction, and ND for the normal direction. 

 

5.5 Hysteresis loops and tensile properties 

 

Stress-strain hysteresis loops of the first, second and mid-life cycles obtained at a total strain 

amplitude of 1.2% and a strain ratio of Rs=−1 for the ZEK100 alloy are presented in Fig.5.6, 

 (a)  (c)  (b) 
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where GW103K [75] and AM30 [120] were added for the sake of comparison. ZEK100 

displayed a tensile yield strength (TYS) of ~225 MPa which lay in-between the two values 

obtained for AM30 and GW103K (i.e., ~200 MPa [120] and ~240 MPa [75], respectively). This 

was expected, since ZEK100 (with 0.2 wt.% Nd) was compared on purpose to a RE-free Mg 

alloy (AM30) and a high RE-containing Mg alloy (GW103K with 10 wt.% Gd and 3 wt.% Y). 

This comparison once again brought up one of the major benefits from the addition of RE 

elements to Mg alloys even with moderate amounts, such the case of ZEK100.  

 

The hysteresis loops of ZEK100 in Fig.5.6 fell in-between those of the almost symmetrical 

GW103K and the tilted AM30, especially in the compressive phase. Due to the presence of a 

high amount of RE elements, GW103K displayed a practically symmetrical hysteresis loop, 

similar to that in the fcc metals, which were controlled by the dislocation slip rather than 

twinning deformation [47].  

 

5.6 Cyclic stress and strain responses 

 

Evolution of stress amplitudes and plastic strain amplitudes with respect to the number of cycles 

at different strain amplitudes from 0.2% to 1.2% is shown in Fig.5.7and 5.8, respectively, under 

a semi-logarithmic scale along the X axis. Both stress amplitudes and plastic strain amplitudes 

augmented, whereas fatigue life of the material diminished with increasing total strain 

amplitudes. In addition, a slight cyclic softening could be seen at two highest strain amplitudes 

namely 1.0% and 1.2%, however, almost cyclic stabilization was noted for the remaining strain 

amplitudes especially at lower values of 0.2%-0.4%. 
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Fig.5.6 Characteristic stress-strain hysteresis loops of the (a) first cycle, (b) second cycle, and (c) 

mid-life cycle at a total strain amplitude of 1.2% and strain ratio Rs=−1 for the rolled ZEK100 

alloy, in comparison with the extruded AM30 and GW103K alloys [75,120]. 

 

Unlike the present ZEK100, cyclic hardening occurred at higher strain amplitudes due to the 

occurrence of extensive twinning in the descending and compressive phase and detwinning in the 

ascending and tensile phase during cyclic deformation along the extrusion direction in the RE-

free wrought Mg alloys (e.g., AM30 and AZ31) [120,121]. In the case of high RE-containing 
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alloys such GW103K with about 10 wt.% Gd and 3 wt.% Y [75], cyclic stabilization was 

observed up to a strain amplitude of ~1.0%.  

 

 
Fig.5.7 Stress amplitude vs. the number of cycles at different total strain amplitudes. 

 

Fig.5.8 Plastic strain amplitude vs. the number of cycles at different total strain amplitudes.  
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6.7 Fatigue life and strain-life fatigue parameters 

 

Fig.5.9 displays the total strain amplitude 2/t as a function of the number of cycles to failure 

(i.e., fatigue life) for ZEK100, in comparison with the data reported in the literature for both RE-

free and RE-containing wrought Mg alloys [75,77,120,122,123]. The run-out data points where 

no failure occurred at 10
7
 cycles or more are labeled by horizontally directing arrows.   

 

 

Fig.5.9 Total strain amplitude as a function of the number of cycles to failure for the rolled 

ZEK100 Mg alloy, in comparison with the data reported in the literature for various wrought Mg 

alloys. 

 

A relatively enhanced fatigue life was obtained for ZEK100, when compared to the RE-free 

alloys (AM30, AZ31 and AZ61). Compared to the rest of the RE-containing alloys (GW103K 

and ZK60), ZEK100 showed the ability of keeping up for a high and equivalent number of 
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cycles to failure at the most total strain amplitudes, although it is an alloy that contained the least 

RE element (0.2 wt.% Nd) among the three alloys. This suggests the effectiveness of Nd addition 

along with the proper processing or alloy state (annealing O-state), which led to a fairly good 

strength and ductility (σUTS ~300 MPa, and elongation ~13.3% at RT, and 1  10
-2

 s
-1

), since 

strain-controlled fatigue life is related to both characteristics. Fatigue behavior could also be 

expressed through the total strain amplitude consisting of the elastic and plastic strain amplitudes 

separately, where the elastic strain component was denoted by the Basquin’s equation and the 

plastic strain constituent was known as the Coffin-Manson relation. The equation can be 

expressed as [77,120,124,125], 
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 (5.1) 

where E  is the Young’s modulus (during fatigue testing, the average value for ZEK100 was 

~44.9 GPa), 
fN  is the number of cycles to failure, 

f   is the fatigue strength coefficient, b is 

the fatigue strength exponent, 
f   is the fatigue ductility coefficient, and c is the fatigue ductility 

exponent. Fig.5.10 illustrates the elastic, plastic, and total strain amplitudes as a function of the 

number of reversals to failure (2
fN ).  

 

In order to make sure that cyclic stabilization, also called cyclic saturation, has already occurred, 

the stress and strain values of the mid-life cycles were used. Hence, the fatigue life parameters 

obtained by means of Equ.(5.1) were presented in Table 5.1.  
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Fig.5.10 Evaluation of strain-life fatigue parameters in the form of log-elastic, plastic and total 

strain amplitudes vs. log-number of reversals to failure, respectively. 

 

Table 5.1 Low cycle fatigue parameters obtained for the rolled ZEK100 Mg alloy. 

 

 

 

5.8 Fractography 

 

Fig.5.11(a) and (b) display an overall view of fatigued samples tested at total strain amplitudes of 

0.4% and 1.0%, respectively.  
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Fig.5.11 SEM micrographs of overall fracture surfaces of the specimens fatigued at a strain 

amplitude of (a) 0.4% and (b) 1.0%, respectively.      

    

It is seen that fatigue cracks initiated from the specimen surface and crack initiation occurred 

from the specimen surface or near surface defects. It was clear that fatigue crack propagation 

area was larger at lower strain amplitude of 0.4% than at higher strain amplitude of 1.0%. SEM 

images taken at a higher magnification in the crack propagation area (Fig.5.12(a) and (b)) 

showed that at both strain amplitudes, the fatigue crack propagation region encompassed some 

striation-like features which were basically the distinct line markings appearing on the fractured 

surface, and were noted to be perpendicular to the crack propagation direction.  

 

        
                      

Fig.5.12 SEM micrographs of the fatigue crack propagation area in the specimens fatigued at 

strain amplitude of (a) 0.4% and (b) 1.0%, respectively. 

 

 

(a) (b) 

(a) (b) 
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Few secondary cracks could also be perceived. Some shallow dimples along with tear ridges 

marked by arrows were visible, indicating the presence of larger plastic deformation in front of 

the crack tip at the higher strain amplitude, considered in this case as a typical behavior.      

 

                                               

5.9 Twinning-detwinning behavior 

 

As previously mentioned, wrought Mg alloys are deformed such that majority of grains have 

their basal planes approximately parallel to the process direction. Therefore, if a load is applied 

along this direction, the activation stress would be comparatively low for the deformation 

twinning in compression (i.e., extension twinning) or in tension (i.e., basal slip and/or de-

twinning) [75]. The activation stress would be fairly high in the case of prismatic and pyramidal 

slip systems for Mg alloys at room temperature [126]. Consequently, twinning and de-twinning 

interchange by alternating activities at the time of cyclic loading. During cyclic deformation 

residual twins got progressively cumulated with increasing number of cycles. 

 

Fig.5.13 displays the optical micrographs of the areas near the fracture surface at strain 

amplitude of 1.2%, showing the overall distribution of residual twins in a ZEK100 fatigued 

sample. Although winning was the dominating deformation mechanism in ZEK100, a lesser 

extent of twinning was observed in Fig.5.13(c). This implicates that in some regions basal slip 

was dominant, leading to the better symmetry of hysteresis loops of ZEK100 in comparison with 

RE-free Mg alloys. Twinning was highly implicated in causing the asymmetry of wrought Mg 

alloys, generally characterized by tension-compression asymmetry as demonstrated by Wu et al. 
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[117]. This asymmetry was mainly accredited to the extensive  11102110  extension twinning 

under compressive deformation along the process direction [125].  

 

 
 

 

        

Fig.5.13 (a) Optical micrographs of the areas near the fracture surface, showing the overall 

distribution of residual twins in a sample of ZEK100 alloy fatigued at a strain amplitude of 1.2% 

with emphasis on two regions (b) and (c), respectively. 

 

 

5.10 Summary 

 

This investigation helped draw the following conclusions: 

(a) 

Fracture 

20µm 

(b) (c) 
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1. Microstructure of ZEK100 in the annealing state consisted of equiaxed grains due to the 

occurrence of DRX. The alloy contained some Mg12Nd and MgZn particles. The addition of 

0.2 wt.% Nd along with 1.3 wt.% Zn and 0.25 wt.% Zr led to the weakening of basal texture 

in comparison with the extruded RE-free AZ31 and AM30 alloys.  

2. While slight cyclic softening was observed at high strain amplitudes, cyclic stabilization 

occurred at lower strain amplitudes. Fatigue life of ZEK100 determined via the strain-

controlled fatigue tests was longer than that of the extruded RE-free Mg alloys, as a result of 

a fairly good combination of strength with ductility in this alloy. 

3. The extent of the asymmetry of the ZEK100 loops was effectively improved in comparison 

with the extruded RE-free AZ31 and AM30 alloys. This indicated that the small addition of 

0.2 wt.% Nd in the ZEK100 alloy played a significant role in overpowering the incidence of 

excessive twinning via texture weakening and grain refinement. 

4. Fatigue crack initiation was observed to occur from the specimen surface or near-surface 

imperfections. Crack propagation region encompassed fatigue striation-like features, which 

were normal to the crack propagation direction.   
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CHAPTER 6 

ANELASTIC BEHAVIOR AND EFFECT OF STRAIN RATIO ON CYCLIC 

DEFORMATION OF ZEK100 Mg ALLOY 

 

6.1 Introduction 

 

The purpose of this study was to identify the effect of strain ratio on cyclic deformation behavior 

of a rolled ZEK100-O Mg alloy. The anelastic behavior of this alloy largely remained arising 

from the twinning and detwinning, with the strain ratio identified as an influential parameter via 

sensitivity analyses. The anelastic strain amplitude, along with three newly-defined parameters 

(eccentricity, angle deviation, and relative slope change) all decreased with increasing strain ratio, 

reflecting more symmetric hysteresis loops.  

 

6.2 Evolution of fatigue behavior with strain ratio 

 

Stress-strain hysteresis loops of first, second and mid-life cycles for ZEK100 fatigued at different 

strain ratios Rε are shown in Fig.6.1. The observation of Fig.6.1(a) allows concluding that the 

initial tensile phase of the first cycle followed a sort of harmonization through the same path, 

referred to as Masing behavior as documented by Christ and Mughrabi [127]. The strain ratio 

was increased from -∞ to +0.5, where the peak tensile stress σmax reached ~300 MPa (beyond the 

yield strength of ~225 MPa) and thus a significant plastic deformation in the tensile phase was 

noted as seen from Fig.6.1(a), especially for Rε=0 and 0.5. In essence, such a large plastic 

deformation in the tensile phase was attributed to the stipulated maximum strain εmax of 3.2% for 
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Rε=0.5 and 1.6% for Rε=0, as previously seen in Table 3.4, which were much higher than the 

usually-used 0.2% strain offset for evaluating the YS. Similarly, from Fig.6.1(b) and (c), a 

noticeable shift of the hysteresis loops at Rε=0 and 0.5 was observed and linked to the stipulation 

of the maximum and minimum strain limits (Table 3.4). It is clear that the asymmetry of the 

hysteresis loops were present initially at the first and second cycles, and became comparatively 

more symmetric in tension and compression at the mid-life cycles.   

 

  

 

Fig.6.1 Stress-strain hysteresis loops of the rolled ZEK100 Mg alloy tested at different strain 

ratios at a total strain amplitude of 0.8%, (a) first cycle, (b) second cycle, and (c) mid-life cycle. 
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Evolution of stress amplitudes versus the number of cycles at different applied strain ratios on a 

semi-log scale is presented in Fig.6.2(a). A nearly cyclic stabilization persisted up to failure at 

strain ratios from -1 to +0.5. A rise in the stress amplitude from the first to the second cycle at 

the strain ratios of Rε=-∞ and -3 was observed, where the rate of change for Rε=-∞ was more 

noticeable as highlighted in Fig.6.2(a). This was expected since a higher compressive stress was 

observed at Rε=-∞. Different features were reported in [77] for the RE-free AZ31, where the 

material exhibited high cyclic hardening at negative strain ratios which persisted but tended to 

weaken at positive strain ratios. Fig.6.2(b) displays the change of the plastic strain amplitude 

(∆ԑp/2) at different strain ratios during cyclic deformation. A decrease from the first to the 

second cycles was observed at all strain ratios, except for the case of Rε=-1 and 0 values, where it 

maintained a nearly constant evolution up to failure.  

 

 

Fig. 6.2 (a) Stress amplitude and (b) plastic strain amplitude vs. the number of cycles at different 

strain ratios, at a total strain amplitude of 0.8%. 
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An abrupt drop was observed at Rε=0.5 where a high initial ∆ԑp/2 of ~1.2% was recorded, which 

exceeded the specified total strain amplitude of 0.8%. Plastic strain amplitude decreased with 

increasing strain ratio or mean strain at Rε=-∞ and -3, while it remained nearly constant from 

Rε=-1 to 0.5 (Fig.6.2(b)). Similar results were obtained for the high RE-containing Mg alloy 

GW103K [75], the RE-free extruded AZ31 Mg alloy [77] and the semi-solid processed AZ91D 

[128]. The fatigue life or number of cycles to failure Nf as a function of strain ratio is displayed 

in Fig.6.3 It was observed to increase with increasing strain ratio from Rε=-∞ to -1, reach the 

maximum at Rε=-1, and then decrease from Rε=-1 to 0.5. This was a result of the coupled role of 

cyclic stress amplitude and plastic strain amplitude which were inversely affected by the strain 

ratio, as previously seen from Fig.6.2(a) and (b).  

 

 

Fig. 6.3 Number of cycles to failure vs. strain ratio for the rolled ZEK100 alloy tested at a total 

strain amplitude of 0.8% and a strain rate of 1×10
-2

 s
-1

. 
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6.3 Fractography 

 

Fig.6.4 shows an overall view of the fracture surfaces of the specimens fatigued at Rε=0.5 

(Fig.6.4(a)) and Rε=-∞ (Fig.6.4(b)). Fatigue crack propagation area was greater for lower strain 

ratio (i.e., Rε=-∞). This can be attributed to the lowest maximum tensile stress and the smallest 

mean stress at Rε=-∞. This can also be related to the stress amplitude at Rε=-∞ which was the 

lowest among all the tests, delaying the onset of rapid propagation where the maximum stress 

intensity reached the fracture toughness of the alloy.  

 

           

Fig. 6.4 Typical SEM images of the overall fracture surfaces of the specimens fatigued at total 

strain amplitude of 0.8% and at a strain ratio of (a) 0.5 and (b) -∞. 

 

6.4 Quantitative analysis of the anelastic behavior  

 

As previously stated, ZEK100 exhibited some degree of asymmetry in the stress-strain hysteresis 

loops in tension and compression (Fig.6.1), which was related to the occurrence of twinning-

detwinning process and the related non-linear elastic (or pseudo-elastic or anelastic) behavior 

[124,125], where an eccentricity parameter e used to quantify hysteresis loop asymmetry was 

(b) (a) 
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defined as a horizontal “gap” in terms of strain amount by which the intersection of a line 

connecting the upper and lower peaks of the loop (i.e., points A and B, respectively, as shown in 

Fig.6.5) with the strain axis, is shifted from the coordinate origin. It is noted that the eccentricity 

could also be quantified vertically; however, the horizontal information is used to avoid 

redundancy.  

 

 

Fig. 6.5 Schematic illustration showing the parameters defined to characterize the anelastic 

behavior in tension and compression by means of a stress-strain hysteresis loop. 
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Two more parameters illustrated in Fig.6.5 are the angle deviation ∆α and a relative slope change 

d which are defined as [124],   

 
12   , (6.1)  

     100
1

12 



S

SS
d , (6.2)  

where α1 is the angle between L1 and the horizontal axis, α2 is the angle between L2 and the 

horizontal axis, S1 and S2 are the slopes of lines L1 and L2, respectively (Fig.6.5).  

 

6.4.1 Effect of strain ratio on the anelastic behavior  

 

Fig.6.6(a) shows the change of the eccentricity e along the strain axis for the 2nd and mid-life 

cycles, respectively. It is seen that the eccentricity decreased with increasing strain ratio, 

indicating more symmetric hysteresis loops. It is clear that a zero eccentricity value corresponds 

to a symmetric hysteresis loop, e.g., in the fcc metals [129]. Fig.6.6(b) shows the relative slope 

change d for the 2
nd

 cycle and mid-life cycle, respectively. Similarly, the mid-life cycle tended to 

be slightly flatter, and the increase in the strain ratio led to a decrease in d, indicating a better 

hysteresis symmetry characteristic. Fig.6.5(c) corroborates the above definitions since similar 

trends were observed for the angle deviation ∆α. Results in Fig.6.6 are directly related to the 

mechanisms of the material response to cyclic deformation since they express the evolution of 

the anelastic behavior and the degree of asymmetry of the hysteresis loops. In fact, during fatigue 

tests at various strain ratios, the twin density varies as twinning and detwinning interchange by 

alternating activities. In Fig.6.6 it was observed that with decreasing strain ratio, all the 

asymmetry quantifying parameters increased, confirming the presence of more asymmetric loops. 

In terms of the response of the alloy, this could be attributed to the high compressive loading 
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along the RD and the favorable condition for extension twinning, which would grow and shrink 

with the increase and decrease of the applied loads leading to an accumulation of residual twins 

to be discussed in next section.  

 

       

 

Fig. 6.6 (a) Eccentricity along the strain axis e, (b) relative slope change d, and (c) angle 

deviation ∆α as a function of strain ratio for ZEK100 tested at a strain rate of 1×10
-2

 s
-1

 at a total 

strain amplitudes of 0.8% for the second and mid-life cycles, respectively. 
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6.5 Distribution of residual twins 

 

Fig.6.7(a) and (b) show optical micrographs in the areas near fracture where the distribution of 

residual twins is presented for Rε=0.5 and Rε=-∞ respectively. A large number of residual twins 

was observed at both strain ratios, which can be related to the insufficiency of slip systems in Mg 

at RT. With decreasing strain ratio, twin formation increased due to intense compressive loading 

along RD. Twinning is therefore predominant through cyclic deformation, especially at lower 

strain ratios. A lesser extent of twinning was observed in [75] for the GW103K Mg alloy (10 wt.% 

Gd and 3 wt.% Y), which was a richer RE-containing alloy compared with the current ZEK100 

(0.2wt.% Nd). The lack of major twin deformation was linked to the fine grain size and RE-

containing precipitates [75]. Gharghouri et al. [50] stated that the anelastic effect in Mg alloys is 

a consequence of the growth and shrinkage of the   11102110  extension twins with the 

increase and decrease of the applied load.  

 

                                                                                                                                                   

Fig.6.7 Micrographs of the areas near the fracture surface fatigued at (a) Rε=0.5, and (b) Rε=-∞. 
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6.6 Sensitivity analysis of the anelastic behavior 

6.6.1 Theoretical foundation  

 For the best case scenario of ideal and symmetrical hysteresis loops (e.g., for most fcc alloys), 

the total strain range (∆ԑt) would basically be [130], 

     
pet   , (6.3)  

where ∆ԑe is the total elastic strain range and ∆ԑp is the total plastic strain range. Meanwhile, the 

total elastic strain range could be defined as a combination of, 

     cetee    , (6.4)  

where ∆ԑe-t is the tensile elastic strain range and ∆ԑe-c is the compressive elastic strain range. In 

the event of tension-compression asymmetry, e.g., in wrought Mg alloys, Equ.(6.3) needs to be 

modified to account for the anelastic behavior, 

     
anpet   , (6.5)  

where an  is the total anelastic strain range, which can be further expressed as, 

     cantanan    , (6.6)  

where ∆ԑan-t is the tensile anelastic strain range and ∆ԑan-c is the compressive anelastic strain 

range.   

 

Throughout the present investigation, strain ratio has been observed to influence considerably the 

anelastic behavior. However its impact within a set of influencing parameters is still unclear. 

Sensitivity analysis would alloy to see whether it persists as the most influencing parameter or 

fades in comparison with other input factors. Fig.6.8 represents a simplified algorithm of the 

global sensitivity analysis performed in order to narrow down the most influencing factors on the 
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anelastic behavior. Two different input categories were differentiated. The controllable input (i.e., 

Rε) can be defined prior to testing and can be varied by the user as desired. The uncontrollable 

inputs that actually result from the material behavior and microalloying, and are directly linked 

to fatigue life, strength and ductility related parameters (Nf, σ'f, b, ε'f and c).  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6.8 Representation of the global sensitivity analysis performed to identify the most 

influencing factors on the anelastic behavior. 

 

6.6.2 Sensitivity model 

 

A 6D set of input factors was listed in Table 6.1, where the range of variation for each input was 

based on the literature [75,120,124,130]. Rε actually varied from -∞ to +0.5, however 

quantifiable were chosen the sensitivity analysis (a lower limit of -10). 

 

Table 6.1 Six-dimensional input factor set for sensitivity analysis of the anelastic behavior.  

Strain ratio, Rε 

Fatigue strength 

coefficient, σ'f 

Number of cycles 

to failure, Nf 

 
Set of 

6D 

inputs 

Fatigue ductility 

coefficient, ε'f 

Fatigue strength 

exponent, b 

Fatigue ductility 
exponent, c 

Uncontrollable inputs 

Controllable input 

Anelastic 

behavior output 

 

 

Global sensitivity 

techniques 

 
1. Pearson Linear 

Correlation Coefficients 

(PLCC) 
2. Spearman Rank order 
Correlation Coefficients 

(SRCC) 

 

 

Total anelastic strain 

range ∆εan 
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Input Range of variation 

Strain ratio, Rε [-10 – 0.5]  

Number of cycles to failure, Nf [200 – 600] 

Fatigue strength coefficient, σ'f, MPa [500 – 700] 

Fatigue strength exponent, b [-0.16 – -0.05] 

Fatigue ductility coefficient, ε'f [0.01 – 0.2] 

Fatigue ductility exponent, c [-0.7 – -0.4] 

 

Input factors in Table 6.1 have a wide variety of ranges. Hence, the variability of any input factor 

X was scaled into X
~

, which varies within a range in-between 0 to 1. Thus, knowing the actual 

physical range of each input factor [Xmin – Xmax], the following normalization was defined, 

     
minmax

min~

XX

XX
X




 . (6.7)  

Monte Carlo sampling was performed with 10
6 
iterations to ensure that convergence was reached 

when constructing the input data set. Based on Equ.(6.5), the anelastic strain amplitude was as, 

     
2222

petan
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



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

. (6.8)  

As previously see in Equ.(5.1), elastic strain amplitude is expressed using the Basquin’s equation, 

and plastic strain amplitude using the Coffin-Manson relation, 
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Substituting Equ.(6.9) and (6.10) into Equ.(6.8), only the total strain amplitude 
2

t
 is left to be 

expressed as a function of one of the input variables presented in Fig.6.8 and Table 6.1. This 

quantity was meant to be constant at 0.8% in the present tests; however it was affected by an 

experimental uncertainty, which is common in mechanical testing when introducing controllable 

quantities [131,132]. The uncertainty on the total strain amplitude was monitored and tended to 

be a function of strain ratio, i.e., )(
2




Rft 


. Fig.6.9 shows a slight variation of total strain 

amplitude for mid-life cycles, corresponding to a relative error below the specified 2.5% even 

down to -∞ (Fig.6.9(b)), based on the Instron 2620 series of dynamic strain gauge extensometer 

designed to meet the requirements of ASTM E83.  

 

       

Fig.6.9 (a) Mid-life total strain amplitude, and (b) relative error as a function of strain ratio in the 

fatigue tests of ZEK100 alloy at a strain rate of 1×10
-2

 s
-1

. 

 

Using all above information, the anelastic strain amplitude 
an /2 was defined as, 

(a) 
(b) 

https://www.astm.org/Standards/E83.htm
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which groups the six controllable and uncontrollable input factors Rε, Nf, σ'f, b, ε'f  and c (with a 

constant Young’s modulus of E=44.9 GPa). Two global sensitivity techniques were used in our 

analysis, beginning with the Pearson linear correlation coefficient (PLCC), which provides a 

measure of the linear relationship between two sets of variables. For a response Y and a set of 

inputs X, the PLCC can be written as [133],  
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where x  and y  are the means of X and Y, respectively.  

 

The PLCC was evaluated between the 6D input factors and the anelastic strain amplitude, as 

summarized in Fig.6.10(a). It is seen that the most influencing parameter was Rε (PLCC=-

0.6005). The second strong was the fatigue ductility exponent c (PLCC=-0.4277), followed by 

the fatigue ductility coefficient ε'f (PLCC=-0.3395). It was also observed that the two inputs 

related to the strength of the material (fatigue strength coefficient σ’f and the fatigue strength 

exponent b) came next, with a lesser degree of negative correlation (PLCC =-0.3289 and -0.2812, 

respectively). This reflects that both strength (σ'f and b) and ductility (ε'f and c) parameters had a 

comparatively similar impact on the anelastic behavior of the material (i.e., negative correlations 

in the range 0.25-0.45). The previous suggests the effectiveness of Nd addition in ZEK100 along 

with the proper processing and annealing, giving rise to a fairly good combination of strength 

and ductility. The least influencing parameter was the number of cycles to failure Nf since it was 

mainly absorbed by the exponents b and as seen in Equ.6.11.  
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To verify the previous and remedy the potential disadvantage of PLCC in the event of non-linear 

relationships, providing the monotonicity condition, the Spearman rank order correlation 

coefficient (SRCC) were also evaluated [134]. Data were replaced by their corresponding rank, 

which involves first putting the values in a numerical order and then assigning them new indices 

to identify where they fall in the ordered set. Let r be the ordered matrix of the 6 inputs and s be 

the ordered vector of the output, the SRCC can be expressed as follows [134], 
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where r  and s  are the means of s and r, respectively.  

 
 

 

 

 
 

 

Fig.6.10 Influencing inputs on the anelastic behavior by means of (a) Pearson Linear Correlation 

Coefficients (PLCC), and (b) Spearman Rank order Correlation Coefficients (SRCC). 
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A pie chart was generated in Fig.6.10(b) for the SRCC, and contribution of each input to the 

anelastic behavior was presented in terms of percentile proportions, corroborating well the 

findings of the above PLCC. Rε with a 30% contribution in a negative correlation persisted as the 

most influencing.  

 

6.7 Summary 

 

1. During cyclic deformation, significant plastic deformation occurred in the tensile phase of 

the first cycle at Rε=0 and 0.5 due to the stipulated maximum strain. Asymmetry of hysteresis 

loops initially present tended to diminish towards mid-life cycles at different strain ratios. 

2. With increasing strain ratio, fatigue life was observed to first increase, reach its maximum at 

a strain ratio of Rε=-1, and then decrease. This was a result of the coupled role of cyclic stress 

amplitude and plastic strain amplitude which were inversely affected by the strain ratio.  

3. The mean stress at Rε=-1 remained nearly zero and invariant. The closer the strain ratio to 

Rε=-1 was, the lower the absolute value of mean stress was, which would also lead to a 

higher fatigue life. The mean stress relaxation occurred more significantly in the initial stage 

of cyclic deformation especially for the strain ratio more remotely from Rε=-1. 

4. Despite the decrease of the anelastic behavior in this alloy, it still largely remained due to the 

occurrence of twinning and detwinning. With decreasing strain ratio, the extent of twin 

formation increased. Global sensitivity analysis indicated that strain ratio was an influential 

parameter for the anelastic behavior. The anelastic strain amplitude, along with the three 

newly defined parameters (eccentricity, angle deviation, and relative slope change) all 

increased with decreasing strain ratio, reflecting more asymmetric and skewed loops.  
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CHAPTER 7 

DEFORMATION AND STRENGTHENING MECHANISMS OF 2024Al ALLOY AND 

2.0 WT.% CNT REINFORCED 2024Al COMPOSITE 

 

7.1 Introduction 

 

The main objectives of this study were to examine the microstructural features coming from the 

CNT addition, evaluate the compressive deformation behavior of the 2.0 wt.% CNT/2024Al 

composite at varying strain rates and temperatures, and identify the salient strengthening 

mechanisms.      

 

7.2 Microstructure and EBSD analysis 

 

Fig.7.1 shows the SEM micrographs for the 2024Al (Fig.7.1(a) and (b)) and the 2.0 wt.% 

CNT/2024Al (Fig.7.1(c) and (d)). Both base alloy and composite displayed some coarser 

particles indicated by the thicker yellow arrows on Fig.7.1(b) and (d). However, a close 

examination of Fig.7.1(c) and (d) revealed two types of particles which could be distinguished by 

their distinct size and shape. Numerous uniformly distributed nanoparticles in the Al matrix were 

seen in the composite (as pointed out by the thinner red arrows in Fig.7.1(d)), which will be 

further examined via TEM analysis. To understand the nature of coarser particles in the 

composite, EDS line scan was performed and shown in Fig.7.2. During the EDS analysis all the 

main alloying elements (i.e., Al, Cu, Mg, and Mn) were considered, however only Cu-containing 

particles were present (Fig.7.2(b)).  
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Fig.7.1 Typical SEM micrographs showing the details of microstructural features of the 2024Al 

alloy and 2.0 wt.% CNT/2024Al composite at (a, c) lower and (b, d) higher magnifications, 

respectively. Yellow coarse arrows indicate Cu-containing particles, and red thin arrows 

designate nanoparticles. 

 

 

Similar results were reported by Bustamante et al. [27] who studied the microstructure of a 5.0 

wt.% CNT/2024Al composite after sintering, and observed a good dispersion of Al2Cu coarse 

particles due to the low cooling rate in the sintering process. The presence of this phase will be 

further confirmed via XRD phase analysis. The eventual presence of Al2O3 oxides due to the 

spontaneous reaction between Al and O2, when exposed to air during milling was also 

acknowledged and will be further discussed in the coming sections.    

(a) 

(b) 

(c) 

(d) 

2.0 wt.% 
CNT/2024Al 

2024Al 
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Fig.7.2 (a) A typical SEM back-scattered electron image, and (b) EDS line scan results across a 

position indicated by the line in (a) for the 2.0 wt.% CNT/2024 Al composite. 

 

TEM examinations on the 2.0 wt.% CNT/2024Al composite revealed singly dispersed CNTs in 

the Al matrix, as indicated by the red thin arrows in Fig.7.3(a). The original size of the CNTs 

was >5 µm in length and 10~20 nm in diameter, hence, CNTs in Fig.7.3(a) were observed to be 

shorter than the as-received ones. This could be attributed to the significant breakup in the 

fabrication of the composite where CNTs were shortened during ball milling due to shear effect. 

CNTs in Fig.7.3(a) were also seen to be homogeneously dispersed where no cluster or localized 

agglomerations were detected. The presence of Al4C3 phase was also perceived, as indicated by 

the blue thick arrows in Fig.7.3(a), being either directly attached to CNTs or in the matrix in the 
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vicinity of CNTs. The existence of this phase will be further verified via XRD analysis. Fig.7.3(b) 

presents a HRTEM image showing the interface between the Al matrix and CNTs, where 

different features (i.e., Al, CNT, and interface) were clearly distinguished. The CNT-Al interface 

was densely bonded, and no void or defects were observed. The layered carbon structure within 

the CNTs and the interlayer distance between the CNT walls were visible. The presence of such 

a coherent interface indicates the direct bond between the matrix and the reinforcements which 

could be linked to the load transfer mechanism, where CNTs would carry a portion of the load 

between the matrix and the reinforcements [135]. This would influence the strengthening 

mechanisms of the composite where interfacial shear stresses originating from the matrix could 

be transferred to the CNTs.  

 

           

 

Fig.7.3 (a) A typical TEM image of the 2.0 wt.% CNT/2024Al composite. Red thin arrows 

indicate singly dispersed CNTs, and blue thick arrows designate the Al4C3 phase, (b) HRTEM 

image showing the interface structure between the Al matrix and CNTs. 
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Fig.7.4(a) and (b) display the EBSD orientation maps for the 2024Al alloy and the 2.0wt.% 

CNT/2024Al composite, where the map color legend was projected towards the ED. Larger 

elongated grains in both alloy and composite mainly exhibited a ˂111˃ texture (blue color), with 

a few elongated grains orientated in the <001> direction (red color). Equiaxed grains present in 

Fig.7.4(a) and (b) revealed more randomized orientations or assorted colors. Likewise, EBSD 

maps of laminated CNT/7055Al composite were studied in [136] and the presence of a strong 

˂111˃ fiber texture was reported. In fact, this orientation was acknowledged as a hard 

orientation in the fcc structures, in direct relation to the normal {111}˂110˃ slip systems [5]. 

Elongated grains present in Fig.7.4(a) and (b), along the ED were credited to the severe plastic 

deformation during extrusion.  

 

                  

 
                      

Fig.7.4 EBSD orientation maps of (a) the 2024Al alloy, and (b) the 2.0 wt.% CNT/2024Al 

composite.  

 

 

(a) (b) 
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Since Fig.7.4(a) and (b) were provided under the same magnification, direct conclusions could 

be drawn about the major grain refinement achieved in the composite. The grain refinement due 

to CNT addition was recognized in literature for MMCs [95,137,138]. Second-phase particles 

previously seen observed in Fig.7.1(a) and (b) (nano-sized CNTs and Cu-containing particles) 

played a major role in controlling grain size, stimulating the nucleation of recrystallization and in 

pinning boundaries. CNTs in the composite caused a motion restriction of GBs by acting as 

pinning forces prohibiting the grain growth and leading to the grain refinement observed. 

  

7.3 X-ray diffraction analysis 

 

XRD patterns acquired from the alloy and composite are presented in Fig.7.5. The presence of Al 

and Al2Cu peaks could be clearly observed in both materials. 

 

 

Fig.7.5 X-ray diffraction patterns of the 2024Al alloy and 2.0 wt.% CNT/2024Al composite.  
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Some weak Al4C3 peaks could also be identified from the XRD pattern of the composite, being 

in agreement with the TEM observations shown in Fig.7.3(a). No carbon peaks were detected in 

the 2.0 wt.% CNT/2024Al, which could be due to the light atomicity of the CNT content, being 

too small to be detected by XRD. That is, the amount of CNTs of <2.0 wt.% after the formation 

of some Al4C3 phase was below the detection limit of XRD. A close examination on the two 

XRD patterns in Fig.7.5 revealed broadening and lower intensities for the 2.0 wt.% CNT/2024Al. 

This was attributed to the deformation, grain refinement and straining introduced by the CNTs. 

In fact, the effects of grain size and strain on the peak broadening could be distinguished on the 

basis of the Williamson-Hall approach [139],   

 


 sin2
9.0

cos 
gd

B , (7.1) 

where B is the diffraction peak width at half-maximum intensity, 2θ is the Bragg diffraction 

angle, λ is the wavelength of the radiation used, dg is the average grain size, and ԑ is the average 

internal strain. It is clear from Equ.(7.1) that the increase of the bandwidth of the peaks for the 

composite (Fig.7.5) was due to further straining and grain size reduction expected from CNTs. 

Peaks of the composite were also slightly delayed or shifted towards higher angles due to the 

impact of micro-strain on the distortion of the Al lattice because of the presence of CNTs.  

 

7.3.1 Lattice parameter of the alloy and the composite 

 

The lattice parameter ao was calculated in both the alloy and composite via Cohen’s method [140] 

based on the least square refinement of the peak positions. According to the Bragg law, 

  sin2d , (7.2) 
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where λ is the wavelength of the incident wave (λ = 1.540598
o

A  in the current study), d is the 

interplanar spacing and 2θ is the diffraction angle. By rearranging Equ.(7.2) one can write, 

 dln2)
4

ln()ln(sin
2

2 


 . (7.3) 

Differentiating Equ.(7.3) leads to,  

 
d

d



2

sin

sin
2

2




, (7.4) 

where 
d

d
 is known as the systematic error, and is assumed to be in the form of,  

 2cosK
d

d



, (7.5) 

where K is a constant. Substituting Equ.(7.5) into Equ.(7.4),  

 


 2

2

2

cos2
sin

sin
K


,  

 or   2sinsincos2sin 2222 DK  , (7.6) 

with D (=-K/2) is known as the drift constant, specific for every diffraction pattern [140].  

In the Cohen’s method 2sin is considered as,  

 
0

222 sinsinsin   , (7.7) 

where 
0

2sin  could be given by [44], 

 )(
4

sin 222

2

0

2

0

2 lkh
a




 . (7.8) 

Considering Equ.(7.7) and (7.8), the new form of  Equ.(7.6) becomes, 

 


 2sin)(
4

sin 2222

2

0

2
2 Dlkh

a
 . (7.9) 

Equ.(7.9) could then be generalized as,  



119 

 

 
iii DA  2sin , (7.10) 

where 
2

0

2

4a
A


 , 222

iiii lkh  , and 
ii  2sin2 . 

By combining Cohen’s method with the least square approach, the optimum values of the 

coefficients A and D in Equ.(7.10) could be obtained by minimizing f(A, D), 

 22 )(sin),( i

i

ii DADAf   . (7.11) 

Hence, the minimization condition was applied, 

                                                           0
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leading to a system of two equations,  
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Data needed to resolve the system of Equ.(7.13) was determined from the XRD patterns in 

Fig.7.5 and was summarized in Table 7.1. This system was solved twice for the base alloy and 

composite and using the obtained values of A (i.e., 
2

0

2

4a
A


 ), ao was then calculated to be 4.059

o

A  for the 2024Al and  4.051
o

A  for the 2.0 wt.% CNT/2024Al composite.  

Table 7.1 Cohen method parameters for the determination of lattice constants 

 

Peak No h k l 2θ / 2024Al 2θ / 2.0 wt.% CNT/2024Al  

1 1 1 1 38.4830º 38.5285º 

2 2 0 0 44.7367º 44.7742º 

3 2 2 0 65.1062º 65.1579º 

4 3 1 1 78.2396º 78.3086º 

5 2 2 2 82.4390º 82.5975º 
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While the lattice parameter for the composite could not be found in the literature, the lattice 

parameter ao for the alloy was reported to be 4.06 
o

A  [141], confirming the validity of the result 

obtained above. The lattice parameter of 2024Al was also reported in [142] when studying the 

effect of dissolution of Cu and Mg atoms in the Al lattice, and they obtained a value of 4.062
o

A . 

The slight difference from the present result (i.e., 4.059
o

A ) could be related to the different 

amounts (in wt.%) of alloying elements between the currently-studied Al2024 (4.5 Cu, 1.5 Mg, 

0.6 Mn) and the Al2024 in [142] (4.1 Cu, 1.9 Mg, 0.5 Si). The decrease of the lattice parameter 

in the composite justifies the delay of the peaks shown in Fig.7.5 due to the lattice shortening 

brought by the compressive micro-strains arising from the CNT addition. Qi and Wang [143] 

developed a model to link the lattice parameter to the volume fraction, size and shape of the 

nanoparticles in the metal matrix. A “shape factor” was introduced and was found to generate a 

10% lattice change of the composite. The lattice parameter was also reported to decrease with 

increasing volume fraction of nanoparticles within the matrix.  

 

7.4 Crystallographic texture 

 

Fig.7.6 shows the {100}, {110} and {111} pole figures determined via XRD for the 2024Al 

(Fig.7.6(a), (f), and (k)) and the 2.0 wt.% CNT/2024Al (Fig.7.6(c), (h), and (m)). A respective 

comparison was made with the pole figures obtained via EBSD for the 2024Al (Fig.7.6(b), (g), 

and (i)) and for the 2.0 wt.% CNT/2024Al (Fig.7.6(d), (i), and (n)). It is seen that the two 

methods showed good agreement for both materials in terms of the location of major components 

and maximum intensities. Hence, based on either method the results obtained for the alloy and 

the composite revealed a similar texture and standard texture components could be identified.  
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Fig.7.6 {100}, {110}, and {111} pole figures of the 2024Al alloy based on (a, f, k) XRD results 

and (b, g, l) EBSD results along with the 2.0 wt.% CNT/2024Al composite based on (c, h, m) 

XRD results and (d, i, n) EBSD results, respectively, where ED stands for the extrusion direction, 

and RD denotes the radial direction, and (e, j, o) indicate schematically the texture components. 
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A closer look at the {100} pole figure revealed the presence of {112}<111> Copper texture [144] 

as illustrated in Fig.7.6(e). The formation of the Copper type texture could be linked to the 

deformation process where internal reaction stresses were induced within the matrix as well as 

external shear stresses brought by the impact of the extrusion dies [145]. Based on Fig.7.6(j), the 

{110} pole figure allowed identifying the {110}<001> Goss texture [146] known to occur as 

recrystallization texture in fcc materials. Copper texture was further seen from the {111} pole 

figure where the location of the maximum intensities (Fig.7.6(o)) characterized the {112}<111> 

Copper texture [144], corroborating the identification based on the {100} pole figure. Texture 

strengthening for the composite compared to the base alloy was detected to a certain extent in all 

pole figures. For example, the intensity of Copper texture increased from ~16.0 multiples of 

random distribution (MRD) for the 2024Al to ~17.1 MRD for the 2.0 wt.% CNT/2024Al as seen 

from the {111} pole figure. A less significant increase was observed for the Goss texture as seen 

from the {110} pole figure, from ~4.2 for the base alloy to ~4.4 MRD for the composite. It 

should be noted that depending on the type of reinforcement and the initial texture, the 

strengthening of base alloy could lead to either stronger or weaker texture, and both scenarios 

have been reported. For instance, Kocks et al. [147] studied the texture evolution while 

comparing a 8090Al with two reinforced composites: (1) 15 vol.% SiC whiskers/8090Al, and (2) 

15 vol.% SiC particles/8090Al. The intensity of texture became weaker in the SiC whisker 

reinforced composite, and stronger in the SiC particle reinforced composite, with respect to the 

base alloy. This observation underlines the impact of the type of reinforcement on the texture 

development, suggesting that the particles are not as effective as whiskers at repressing the 

texture [147]. Habibi et al. [148] reported the presence of both texture “hardening” and 

“softening” which they assumed strongly reliant on the CNT content and proved that the 



123 

 

strengthening of a material could be achieved through the texture hardening. Conditions favoring 

stronger textures in the composite were discussed in [149] and were attributed to the presence of 

nanoparticle in the composite. Dislocation movement is strongly hindered by nanoparticles since 

the “geometrically necessary dislocations” at the matrix/CNT interface have to be stored to 

accommodate strain incompatibilities. Hence, nanoparticles facing a high dislocation density are 

“cut” by dislocations, so that local softening and strongly localized slip on only a few preferred 

slip systems will take place [149]. This will lead to less effective “constraints” for the 

deformation imposed by the surrounding grains, thus only the most favorably oriented slip 

systems will be active, resulting in a stronger preferred orientation [150].  

 

7.5 Compressive behavior 

 

Fig.7.7 shows the true stress-true strain compression curves of the base alloy and the composite 

obtained at different temperatures and strain rates. All the flow curves obtained at all 

temperatures and strain rates will be included in the appendix. In Fig.7.7(a) test temperatures 

were varied (i.e., 200, 250, 300, 350 and 400ºC) at a fixed strain rate of 0.001
 
s

-1
, whereas in 

Fig.7.7(b), tests were held at 300ºC while varying the strain rates (i.e., 0.1, 0.01, and 0.001 s
-1

). A 

comparison between both plots affirms that the test temperature had a stronger effect on the 

deformation curves of both materials than the strain rate. Overall, the flow stress increased 

considerably as the true strain increased during the initial stages of deformation. Once the peak 

value was reached, a saturation level was attained regardless of the strain rate value. To quantify 

better the sensitivity of the alloy and the composite to both strain rate and temperature, Fig.7.8 

was generated. CYS decreased with increasing temperatures and increased with strain rates. 
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Fig.7.7 Compressive true stress-true strain curves of the 2024Al alloy (continuous lines) and the 

2.0 wt.% CNT/2024Al composite (dashed lines): (a) at a strain rate of 0.001 s
-1

 and varying 

temperatures, and (b) at 300ºC and varying strain rates.    
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The dependence on the strain rate at different temperatures was less noticeable in the case of the 

composite. However, when comparing the behavior of both materials at a given strain rate and 

any temperature (Fig.7.8(a) and (b)), the strengthening behavior brought by CNT addition was 

clearly demonstrated through the enhancement of the CYS values for any chosen combination. 

This could be attributed to the Hall-Petch strengthening, also known as the GB strengthening 

where the material is strengthened by changing its average grain size due to the interaction 

between dislocations and GBs [151].  

 

Fig.7.8(a) and (b) also showed that the evaluated CYS decreased with increasing temperatures at 

all strain rates for both materials. This could be attributed to the augmented thermal activation of 

the composite and the kinetic energy of the metal matrix which boosted the dislocation 

movements at higher temperatures. The significant improvement in the compressive properties of 

the composite at various temperatures and strain rates relative to the 2024Al base alloy could 

also be linked to the homogenous dispersion of the CNTs in the Al matrix as formerly seen in 

Fig.7.3(a).  

 

Various factors related to the fabrication process might have also contributed to the enhancement 

of the flow behavior of the alloy and composite, mainly ball milling, which has resulted in a 

more refined microstructure characterized by improved high-temperature properties. In addition, 

the spontaneous reaction between Al and O2 when exposed to air during milling of the 2024Al 

powders, might lead to the formation of Al2O3 oxides. These particles might then be dispersed in 

the 2024Al matrix after extrusion, which could induce an increase in strength according to the 

Orowan strengthening mechanism [152,153].  
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7.6 Discussion: Strengthening mechanisms 

 

Various mechanisms that played a role in the enhancement of the reinforced composite will be 

discussed in this section. 

 

 
 

Fig.7.8 Change of compressive yield strength (CYS) with deformation temperature and strain 

rate of (a) the 2024Al alloy, and (b) the 2.0 wt.% CNT/2024Al composite. Strain rates are 

expressed in s
-1

.   

(a) 

(b) 
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7.6.1 Grain refinement and grain boundary strengthening 

 

As previously seen in Fig.7.4, a clear grain refinement for the CNT reinforced 2024Al composite 

was attained. In fact, the impact of CNT addition on the grain refinement was well documented 

in the literature for MMCs. For instance, Suarez et al. [137] measured the mean grain size of a 

pure Ni, 1.0 wt.%, 2.0 wt.%, 3.0 wt.% and 5.0 wt.% MWCNT/Ni reinforced composites, and 

reported values of 47.6, 22.4, 4.9, 4.9, and 5.3 µm, respectively. Clearly, the grain size of the 

matrix was able to be refined once CNTs were added. The addition of CNTs up to 2.0 wt.% 

could decrease the grain size significantly, beyond which no further grain refinement was 

achieved. Thus, an “empirical reinforcement limit” at 2.0 wt.% MWCNT was specified [137]. 

Liu et al. [95] indicated that singly dispersed CNTs in the composite tended to be dispersed 

along GBs resulting in a much finer grain size. This could be linked to the results presented in 

Fig.7.3(a), where TEM observations revealed singly dispersed CNTs.  

 

Hall-Petch strengthening (i.e., GB strengthening) is directly linked to the CYS enhancement 

when the composite is strengthened by refining its average grain size [154]. The motion of 

dislocations during deformation is impeded by GBs due to the misorientation between 

neighboring grains. The smaller the grain size is, the more GBs are present, leading to a more 

difficult dislocation movement and thus a higher flow stress. This is due to the fact that GBs act 

as “pinning points” prohibiting the dislocation movement and the eventual multiplication of 

dislocations. This leads to a “pile up” of dislocation clusters being unable to move past a 

boundary. Dislocations could be rearranged into low-energy structures (i.e., substructures) 

characterized by their low angle grain boundaries (LAGBs). In this context, Fig.7.9(a) displays 
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the grain boundary mapping of the 2.0 wt.% CNT/2024Al along with the misorientation angle 

histogram (Fig.7.9(b)). A bi-modal distribution is observed where a moderately important 

portion of the microstructure was characterized by LAGBs (i.e., angles of <10°) which confirms 

the previously described kinetics of grain refinement.  

 

 

         
                  

Fig.7.9 (a) Grain boundary mapping along with (b) the misorientation angle histogram for the 

2.0 wt.% CNT/2024Al composite.   
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The presence of LAGBs would be associated with the formation of subgrains/substructures 

during ball milling. A majority of high angle grain boundaries (HAGBs) shown in Fig.7.9 would 

be linked to the happening of recrystallization to be discussed below.    

 

7.6.2 Recrystallization and built-up of substructures 

 

Recrystallization is directly linked to the strengthening behavior since it is related to the 

evolution of the grain microstructure. Various possible scenarios could lead to the occurrence of 

recrystallization, where the most common one is the formation and migration of HAGBs. This is 

in good agreement with the results observed in Fig.7.9 about the dominance of misorientation 

angles >25°. In other words, dislocation rearrangements leading to the formation of low 

dislocation density regions (associated with HAGBs) are capable of fast migration over the 

strained matrix.  

 

Due to the existence of subgrains in the 2.0 wt.% CNT/2024Al composite as revealed by the 

LAGBs in Fig.7.9, the nucleation of recrystallization by means of subgrain coalescence could 

also be another scenario. Earlier studies by Sandstrom et al. [155] introduced subgrain 

coalescence as the subgrain growth and the disappearance of sub-boundaries which lead to the 

decrease of the stored energy and the change of orientations between coalesced and neighboring 

subgrains. This promotes the formation of HAGBs having the ability to migrate fast and to form 

the recrystallization nucleus. The happening of recrystallization by the migration of LAGBs (i.e., 

sub-boundaries) has been well documented in the literature dating back to the Cahn-Cottrell 

model [156].  
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7.6.3 Zener drag effect 

 

Second-phase particles (i.e., nano-sized CNTs and Cu-containing particles) played an important 

role in controlling grain size and texture, in stimulating the nucleation of recrystallization and in 

pinning boundaries. To move a boundary past a particle, a force has to be exerted which is 

related to the size of the particle and the energy of the boundary [157]. In a random distribution 

of particles which are assumed under a spherical shape, it is possible to express the pinning force 

Pz exerted on the boundary could be given by [158],  

 
r

V
P

p

z
2

3
 ,  (7.14) 

where γ is the grain boundary energy, Vp is the particle volume fraction and r is the particle 

radius. Based on Equ.(7.14), the presence of small and very closely spaced particles play the role 

of pinning sites on the grain boundaries [159]. In the case of the studied 2.0 wt.% CNT/2024Al, 

Equ.(7.14) would have to be adjusted for the tube shape of the CNTs by considering a length 

component in the equation. Overall, independently from the particle shape, the stagnation from 

the Zener drag effect happened due to the motion restriction of GBs mainly by the CNTs which 

act as the pinning force or sometimes called “frictional forces” to the moving GBs, prohibiting 

the grain growth and therefore leading to the grain refinement as observed in Fig.7.4(b).  

 

7.6.4 Load transfer, thermal mismatch and Orowan looping 

 

Load transfer, generation of dislocations by thermal mismatch, and Orowan looping were 

discussed in the literature as major mechanisms for the enhancement of the mechanical 
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properties of CNT/Al reinforced composites [135,136,160]. These mechanisms were generally 

thought to occur simultaneously where the strength of the composite is the sum of each 

improvement brought from each of the afore-mentioned mechanisms, plus the inherent strength 

of the matrix itself. At the atomic level, a strong cohesion between the matrix and CNTs can be 

attained due to the nano-size of the reinforcement, leading to a direct bond between the matrix 

and reinforcement (Fig.7.3(b)). Hence, depending on their volume fraction, CNTs would carry a 

certain portion of the load (i.e., load transfer) between matrix and reinforcement. The basis of the 

load transfer theory was initially introduced by Kelly and Tyson [161]. They stated that the 

applied stresses could be transferred to the reinforcements (e.g., CNTs) through interfacial shear 

stresses emanating from the matrix. In the case of the studied 2.0 wt.% CNT/2024Al, this could 

be justified by the formation of the Al4C3 phase at the interface. Similarly, Kwon et al. [162] and 

Bakshi and Agarwal [24] reported that the formation of Al4C3 is necessary for an effective load 

transfer between the matrix and CNTs.  

 

The improved strength of the composite associated with the generation of dislocations by 

thermal mismatch is produced from the “mismatch” in the coefficients of thermal expansions 

(CTEs) of the CNTs (~1×10
-6

 ºC
-1

 [44]) and the 2024Al matrix (~22.9×10
-6

 ºC
-1

 [44]), in the 

cooling phase of processing. This engenders the formation of dislocations, and with increasing 

their density in the matrix, the composite is strengthened. This improvement was attributed by 

George et al. [160] to the “prismatic punching” of dislocations at the interface, stimulating the 

work hardening of the matrix.  
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7.7 Summary  

 

1. The addition of 2.0 wt.% CNTs in a 2024Al alloy led to fine grain sizes along with some Cu-

containing second phase particles. TEM examinations revealed singly dispersed CNTs in the 

matrix, although the shortening of CNTs was observed to occur due to ball milling.  

2. The presence of Al4C3 phase, being either directly attached to CNTs or in the matrix in the 

neighborhood of CNTs, suggested the occurrence of reactions between the Al matrix and 

CNTs during the composite synthesis.  

3. The X-ray diffraction peaks of the CNT reinforced composite were observed to be broadened 

due to the grain size reduction and compressive micro-strains brought by the CNT addition. 

The presence of compressive micro-strains also led to the lattice shortening.   

4. The deformation resistance of the composite at both RT and HT was effectively enhanced 

owing to the addition of CNTs. This was mainly associated to the Hall-Petch strengthening, 

and composite strengthening including load transfer, thermal mismatch and Orowan looping.  
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CHAPTER 8 

HOT DEFORMATION BEHAVIOR OF 2024Al BASE ALLOY AND 2.0 WT.% CNT 

REINFORCED 2024Al COMPOSITE   

 

8.1 Introduction 

 

The optimized processing window for a given material at high temperatures is determined based 

on its workability parameters mainly, activation energy, efficiency of power dissipation, 

instability criteria, and existence of favorable microstructural mechanisms. Constitutive 

equations were employed to evaluate material characteristics and correlate them to the hot 

deformation behavior. 

 

8.2 Constitutive modeling 

 

Relationship between strain rate, deformation temperature, and flow stress was extensively used 

in literature through the Arrhenius equations, after being initially proposed by [163] as follows: 

 [sinh( )] exp( )n Q
A

RT
   , (8.1) 

where n and A are material constants, α is a stress multiplier, σ is the flow stress (MPa), Q is the 

activation energy for hot deformation (kJ/mol), R is the universal gas constant (8.314 J/mol-K), 

and T is the deformation temperature (K). For high and low stress levels, the relationship 

between the flow stress and strain rate could be described by [164]: 

 1

1 exp( )
n Q

A
RT

   , (8.2) 
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 2 exp( )exp( )
Q

A
RT

   , (8.3) 

where A1 and A2 are the material constants. Eqs.(8.4) and (8.5) are obtained by taking the natural 

logarithm on both sides of Eqs.(8.2) and (8.3) such as:  

 1 1ln ln ln
Q

A n
RT

    , (8.4) 

 2ln ln
Q

A
RT

    . (8.5) 

The term σ is substituted in the current study by the CYS values. Data obtained at the different 

test temperatures (i.e., 200, 250, 300, 350, and 400ºC) were taken into account to compute the 

activation energy for the alloy and the composite.  

 

Fig.8.1(a) shows the plot of ln  vs. ln for both alloy and composite. A linear relationship was 

noted for both cases having the slope n1 as introduced in Equ.(8.4). Fig.8.1(b) displays the 

relation between ln and σ for both materials. A linear trend was also depicted and characterized 

by the slope β previously introduced in Equ.(8.5). Substituting the values of CYS for alloy and 

composite at the corresponding strain rates and temperatures into Equ.(8.4) and (8.5), the values 

of n1 and β could be obtained while accounting for a linear regression. Average slope values 

were taken to calculate n1 and β. The stress multiplier α could also be estimated as α = β/n1. The 

obtained values of n1, β, and α for the alloy and composite have been summarized in Table 8.1.  

Back to Equ.(8.1), and taking its the natural logarithm on both sides, Equ.(8.6) could be 

expressed as, 

 ln ln ln[sinh( )]
Q

A n
RT

    . (8.6) 
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Fig.8.1(c) shows the evolution of ln vs. ))ln(sinh( where a linear trend was also depicted for 

the 2024Al and the 2.0 wt.% CNT/2024Al, and characterized by the average slope n. Obtained 

values of n for alloy and composite were also included in Table8.1.  

  

 

Fig.8.1The relationship of CYS, strain rate and temperature of the base 2024Al alloy (continuous 

lines) and the 2.0 wt.% CNT/2024Al (dashed lines): (a) ln( ) versus ln(σ), (b) ln( ) versus σ, 

and (c) ln( ) versus ln[sinh(ασ)].  
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Table 8.1 Main parameters of the hot deformed 2024Al alloy and the 2.0 wt.% CNT/2024Al 

composite evaluated from the constitutive equations.  

 

 

 

8.3 Activation energy of hot deformation 

 

The activation energy Q, is generally related to the thermodynamic mechanism of dislocation 

movement and can reveal the workability of materials [165]. It is in fact a measure of the 

minimum energy required to initiate dislocation movement by diffusion, and is considered to be 

an important physical parameter indicating the degree of difficulty to deform a material under 

specific deformation conditions [166]. Activation energy could be determined after taking partial 

differential of Equ.(8.6), the following could then be obtained, 

 
ln ln[sinh( )]

.
ln[sinh( )] (1 )

T

Q R RnS
T



 



   
   

    
, (8.7) 

The newly introduced parameter S in Equ.(8.7), is the average slope of the ln[sinh( )] 1 T  plot 

at various strain rates (Fig.8.2(a) and (b) for the alloy and the composite respectively). The 

obtained values of S for the 2024Al and the 2.0 wt.% CNT 2024Al composite are also included 

in Table 8.1. Activation energy Q could thus be calculated based on Equ.(8.7) and was obtained 

to be 274.5 kJ/mol for the alloy and 322.3 kJ/mol for the composite (Table 8.1) which are both 

higher than that for self-diffusion in pure aluminum [167] as expected, due to the impact of 

 n1 β α n S Q, kJ/mol 

2024Al 13.84 

 
64.88  10

-3
 4.68  10

-3
 7.15 

 

4.61 

 
274.5 

 

2.0 wt.% 

CNT/2024Al 

11.53 69.04  10
-3

 5.98  10
-3

 7.09 

 

5.46 

 
322.3 
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alloying elements and the CNT addition on the thermos-mechanical properties of alloy and 

composite. Different values have been reported in literature for the activation energy of Al alloys. 

For instance Wang et al. [168] stated that for the AA7050 alloy, it could go as high as 470.2 

kJ/mol at 603K and a strain rate of 0.001s
-1

, and as low as 82.8kJ/mol at 693K and 10s
-1

. A 

similar temperature range as the current study (200-400ºC) was considered in [169] and 

activation energy of 282.6 kJ/mol was reported for the Al-Si alloy, which is comparable to the 

obtained value for the 2024Al alloy (274.5 kJ/mol). The alloy reported in [169] was then 

modified by adding V and Zr leading to an activation energy of 315.2 kJ/mol. The previous 

emphasizes the impact of the alloying elements, analogue to the CNT additions in the current 

study, where higher activation energy was obtained for the composite (322.3kJ/mol). This could 

be linked to the fact that the 2.0 wt.% CNT/2024Al was treated under longer homogenization 

times leading to a higher strength, and hence a more important lattice resistance. Compared to 

the base alloy, due to the presence of CNTs, dislocations were pinned by the nanoparticles and 

encountered friction drags. Both thermal energy and external stresses required for dislocation 

motion increased. The presence of finer particles is therefore crucial for the increase of activation 

energy. Malas et al. [167] also compared the activation energy of (1) wrought 2024Al, (2) 

powder metallurgy 2024Al, and (3) PM 2024Al with SiC whiskers (SiCW). The flowing intervals 

for Q were reported for the enumerated materials: (1) [90-200] kJ/mol, (2) [167-418] kJ/mol, and 

(3) [377-1047] kJ/mol. First analogy that could be made with the results of the current study is 

that the obtained value for the 2024Al (Q = 274.5 kJ/mol) falls within the PM 2024Al intervals 

(i.e., ball milling in the current study). The second observation is about the tremendous increase 

in the values of Q due to SiCW reinforcement, although greater values were observed interval (3) 

above) compared with the current 2.0 wt.% CNT/2024Al composite (Q = 322.3 kJ/mol). The 
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higher values obtained for the SiCW were expected since it involves rigid ceramic phases in a 

plastically deforming 2024Al matrix.  

 

 
 

Fig.8.2 Relationship of CYS, strain rate and temperature in terms of ln[sinh(ασ)] versus 1000/T  

(a) for the 2024Al alloy, and (b) for the 2.0 wt.% CNT/2024Al composite. Strain rates are 

expressed in s
-1

.   

 

8.4 Basis of processing maps 

 

Processing maps represent an effective alternative for determination of optimized hot workability 

regions of materials. The concept of processing maps relies on the dynamic material model 

(DMM) [169-171], according to which the workpiece dissipates power during hot deformation 

and the constitutive response of the material at a given temperature depends essentially on strain 

rate and to a lesser extent on strain. The total power per unit volume P absorbed by the 
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workpiece during plastic flow may be expressed as a sum of two complementary functions [172] 

such as, 

  

 





0 0

ddJGP , (8.8) 

where G represents the power dissipated by plastic deformation, most of which is converted into 

heat, and J represents the dissipation through microstructure evolution (e.g., dynamic recovery, 

dynamic recrystallization, superplastic flow, phase transformation, crack propagation). At any 

given temperature and strain, the partitioning of power between J and G is given by [166], 

 m
G

J















ln

ln
, (8.9) 

where m is the strain rate sensitivity of the material. Knowing the values of m, dissipation 

through the microstructure evolution J may be normalized with respect to Jmax to obtain a 

dimensionless parameter called the efficiency of power dissipation [170] such as, 

 
1

2

max



m

m

J

J
 . (8.10) 

The variation of  with temperature and strain rate reveals the features of power dissipation 

arising through microstructural changes in the workpiece, creating the power dissipation map. 

This map could be presented as contour plots of efficiency variation in the temperature-strain 

rate domain where different regions (i.e., corresponding to different  values) signify different 

deformation mechanisms. A continuum instability criterion, obtained based on the extremum 

principles of irreversible thermodynamics, could also be provided [173],  

   0
ln

)1/ln(





 m

mm





 . (8.11) 
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Equ.(8.11) leads to obtaining the instability parameter     which is used to mark out the flow 

instability regions, after being evaluated as function of temperature and strain rate. The 

instability map was obtained when     < 0, representing the occurrence of flow instability. As 

stated above, with the values of  and     under different temperatures, strain rates and strains, 

processing maps can be established by superimposing the instability maps over the power 

dissipation maps. Conventional 2-D maps and 3-D processing maps will be analyzed in the 

coming section.  

 

8.5 Conventional 2-D processing maps 

 

Fig.8.3(a), (b) and (c) display the 2D processing maps of the 2024Al obtained at strain values of 

0.1, 0.3, and 0.5 respectively. Equal strain values were chosen for the 2.0 wt.% CNT/2024Al as 

presented in Fig.8.4(a), (b), and (c). Colored areas in Fig.8.3 and 8.4 separated by contour lines 

designate the degree of efficiency (i.e., reflecting  values calculated based on Equ.(8.10)). The 

limit of the highest efficiency region in each map was approximated by the dashed lines, i.e., 

marking the regions R1 in Fig.8.3 and 8.4. The highlighted regions R2, denoted the flow 

instability domains plotted based on Equ.(8.11). Peak efficiency values showed a slight variation 

from a map to the other for both materials. For instance, for the 2024Al, peak values of  varied 

from ~35% at ԑ = 0.1, to ~37% at ԑ = 0.3, to ~39% at ԑ = 0.5. Similarly, a variation of the 

maximum  values was reported in [170] for the 2024Al alloy, from ~39% at ԑ = 0.1, to ~44% at 

ԑ = 0.3, to ~46% at ԑ = 0.5. The larger  values in [170] than to the current study could be related 

to the bigger temperature range (up to 500ºC), compared with the upper limit of 400ºC in the 



141 

 

present work. Efficiency was also reported in [171] to increase with increasing strain, which was 

observed for the composite in Fig.8.4 as well ( ~ 27% at ԑ = 0.1, ~29% at ԑ = 0.3, and ~30% at 

ԑ = 0.5).  

 

     
    

   

Fig.8.3 Processing maps of the 2024Al alloy for the true strain values of (a) ԑ = 0.1, (b) ԑ = 0.3, 

and (c) ԑ = 0.5, respectively.    

 

Based on Fg.8.3 and 8.4, R1, representing the stable domains where fairly high values of 

efficiency existed, coincided with the samples deformed at higher temperatures and lower strain 

R1 
R1 

(a) (b) 

(c) 

R2 

R2 
R2 

R1 
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rates. However, R2 corresponded to lower temperatures and higher strain rates. Limits of R1 were 

slightly variable with strain for both alloy and composite. For the 2024Al, it went from 280-

400ºC/0.001-0.006s
-1 

at ԑ = 0.1, to 260-400ºC/0.001-0.008 s
-1

 at ԑ = 0.3, and 275-400ºC/0.001-

0.01s
-1 

for ԑ = 0.5. As for the composite in Fig.8.4, R1 also varied based on strain: 303-

400ºC/0.001-0.01s
-1

 at ԑ = 0.1, 280-400ºC/0.001-0.006s
-1

 at ԑ = 0.3, and 285-400ºC/0.001-

0.009s
-1

 at ԑ = 0.5.  

 

           
 

 
 

Fig.8.4 Processing maps of the 2.0 wt.% CNT/2024Al composite for the true strain values of (a) 

ԑ = 0.1, (b) ԑ = 0.3, and (c) ԑ = 0.5, respectively.    
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Instability regions R2, although observed to persist around same locations, were also perceived to 

vary moderately with strain for both materials. By comparing the extent of each of the regions 

between alloy and composite, the “safe” (i.e., stable) window was observed to relatively shrink 

for the composite. The previous was expected since structural complexity introduced by CNT 

addition led to the restriction of the working window, demanding greater process control. 

Likewise, Malas et al. [167] studied the difference of the optimum processing windows between 

a P/M-2024Al and a P/M-2024Al reinforced with 20 v/o SiCw. They reported that the safe 

processing for the composite occurred over a narrower range of temperature and strain rate, 

which was accredited to the reinforcement, being a rigid ceramic phase in a plastically deforming 

matrix, risking cavitation and whisker fracture at lower temperatures. In addition, safe regions of 

the A356 alloy and the A356 reinforced with 5 wt.% B4C composite were studied in [174]. 

Maximum efficiency region was observed to decrease for the composite, which emphasizes the 

impact of the nature of reinforcement.  

 

8.6 3-D processing maps 

 

The effect of strain could not be well stated in Fig.8.3 and Fig.8.4 due to the discontinuity of the 

maps when showing results for each strain value separately. Thus, it is necessary to link the 

processing to some material’s visual continuum model that can depict the continuity in 

deformation parameters. For this purpose, 3-D processing maps and flow instability maps were 

developed for the alloy and composite (Figs.8.5-8.8), having the advantage of identifying the 

workability conditions by reflecting the safe hot processing conditions of the whole deformation 

process directly. The three major influential parameters were targeted each at a time (i.e., ԑ in 
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Fig.8.5, T in Fig.8.6, and  in Fig.8.7). 3-D power dissipation maps were built every time, while 

introducing “slices” at chosen values of one of the previously mentioned parameters to better see 

its effect in a continuous manner.  

Fig.8.5(a) and (b) represent the 3-D power dissipation maps of the 2024Al and the 2.0 wt.% 

CNT/2024Al respectively, sliced at ԑ = 0.1, ԑ = 0.3, and ԑ = 0.5. Effect of strain on the efficiency 

could be seen vertically through the variation of the grid levels, which proved that the efficiency 

of power dissipation varied reasonably with increasing strain. In fact   increased with increasing 

strain at higher temperatures and lower strain rates or at lower temperatures and higher strain 

rates for both alloy and composite. The augmented  values of the alloy compared to the 

composite were also well appreciated through the variation of the color flow.  

 

     

Fig.8.5 3-D power dissipation maps of (a) the 2024Al alloy, and (b) the 2.0 wt.% CNT/2024Al 

composite sliced at true strain values of ԑ = 0.1, ԑ = 0.3, and ԑ = 0.5, respectively.    

 

Fig.8.6(a) and (b) represent the second slicing option based on the temperature values. Three 

intermediate temperatures were chosen i.e., 200, 300, and 400ºC. The efficiency of power 

(a) (b) 



145 

 

dissipation increased unceasingly with increasing temperature for both materials, where higher 

values were achieved by the alloy. On each of the chosen temperatures,  values displayed an 

increasing flow towards lower strain rates.  

 

     

Fig.8.6 3-D power dissipation maps of (a) the 2024Al alloy, and (b) the 2.0 wt.% CNT/2024Al 

composite sliced at temperature values of 200, 300, and 400ºC, respectively.     

 

Fig.8.7(a) and (b) highlight the effect of strain rate on the efficiency values sliced at 0.001, 0.01, 

and 0.1s
-1

. Efficiency clearly increased with decreasing strain rates for both materials. However, 

for the 2024Al in Fig.8.7(a), at the lowest strain rate of 0.001s
-1

, two different regions that could 

not be previously seen in the 2-D maps, were identified. Values of ~20%, were seen at lower 

temperatures (200-275ºC) at higher and lower strains, highlighting further the effect of strain on 

the processing maps. This allure was also depicted for the composite to some extent.  

 

Based on the high efficiency regions observed in the 3-D maps, it could be inferred that the 

favorable conditions for hot processing persisted in the regions of lower strain rates and higher 

(a) (b) 
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temperatures. It is known that domains with a higher efficiency of power dissipation commonly 

represent optimum processing conditions; however it is still primordial to observe the evolution 

of flow instabilities. Thus, 3-D flow instability maps were generated for the alloy and composite 

while considering only higher strain regions based on Fig.8.3 and 8.4. Slicing was made along 

0.01, 0.03, and 0.1s
-1

. 

 

      

 

Fig.8.7 3-D power dissipation maps of (a) the 2024Al alloy, and (b) the 2.0 wt.% CNT/2024Al 

composite sliced at strain rate values of 0.001 s
-1

 (log( ) = -3), 0.01 s
-1

 (log( ) = -2), and 0.1 s
-1

 

(log(  ) = -1), respectively.     

 

Larger instable regions were observed for the composite at all the chosen strain rates. Most 

negative ξ values were depicted around the temperature edges (i.e., ~200ºC) in Fig.8.8(a). A 

bigger sensitivity to strain rate for the composite was seen, where the most negative ξ values 

were observed at 0.1s
-1

. The instability region almost vanished at 0.01s
-1

 for the alloy, in contrast 

with the composite where although less negative values were seen compared to higher strain 

rates, the larger instable region persisted (Fig.8.8(b)). 

(a) 

(b) 
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Fig.8.8 3-D flow instability maps of (a) the 2024Al alloy, and (b) the 2.0 wt.% CNT/2024Al 

composite sliced at strain rate values of 0.01 s
-1

 (log( ) = -2), 0.03 s
-1

 (log( ) = -1.5), and 0.1 s
-1

 

(log(  ) = -1), respectively.     

 

 

3-D Instability maps suggest that the hot workability of the alloy and composite became inferior 

as the strain rate increased; hence it became progressively difficult to deform the alloy and 

composite at higher strain rates. It is generally accepted that flow instability is associated with 

the localized shear initiated by high strain rates [166]. 

 

8.7 Hot deformed microstructures  

 

8.7.1 Deformed microstructures in the “unstable” domain 

 

Knowing that the increase in microstructural complexities could lead to narrowing down the hot 

working windows of the alloy and composite, it is crucial to understand the various 

(a) (b) 



148 

 

microstructural aspects at different combinations of strain rates and temperatures. The current 

section is hence designated to the study of “instable” high temperature deformation features. 

 

8.7.1.1 Deformed 2024Al samples 

 

Fig.8.9(a) represents the SEM micrograph showing the overall microstructural features of the 

2024Al alloy deformed at a strain rate of 0.1s
-1 

and 200ºC.  

 

 

 

               

Fig.8.9 Typical SEM micrograph showing (a) the overall microstructural features of the 2024Al 

alloy deformed at a strain rate of 0.1s
-1 

and 200ºC. Magnified micrographs of (b) zone1 and (c) 

zone2 are also provided.  

(a) 

(b) (c) 

ED 

Zone 1 

Zone 2 
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A major crack was observed through the micrograph. Such regions are usually characterized by 

their inferior workability and may be induced by microstructural imperfections, such as 

micro/macro cracks, adiabatic shear bands, flow localization, wedge cracking, particle cracking 

and de-bonding [175]. Two different zones have been considered in Fig.8.9(a): Zone 1, 

magnified in Fig.8.9(b), and Zone 2 magnified in Fig.8.9(c). Micro-cracks were observed to 

propagate in Fig.8.9(b) and to affect the second phase particles, where the crack nucleated and 

propagated due to the presence of stress concentration caused by nonhomogeneous deformation 

at higher strain rates. As for Fig.8.9(c), the presence of voids (i.e., pointed out by arrows) was 

detected. These voids are generated between the “soft” matrix and the “hard” particles, 

originating macroscopic cracks from the surface to the interior linking the voids. Cracking could 

also be attributed to considerable stress concentration, caused by the sliding of neighboring 

grains under shear stress, where some micro cracks occur near the specimen surface and continue 

to propagate to macro cracks by linking each other. 

 

Fig.8.10(a) represents a magnified view of the second-phase particle pointed out previously in 

Zone1 (Fig.8.9(b)). As mentioned earlier, coarser particles observed in the 2024Al were 

identified as Al2Cu particles. Several cracks were observed to occur in Fig.8.10(a) and tended to 

be parallel to the macroscopic compression axis (Along ED), indicating that fracturing was 

caused by local shear stresses. As schematized in Fig.8.10(b), two sorts of cracks were observed: 

major and minor cracks. Major cracks led to the lateral shift of the upper portion (part 1 in 

Fig.8.10(b)) of the particle along the compression axis, where a clear “particle cutting” was 

witnessed. The previous could be attributed to the dislocations moving along the primary slip 

planes. When larger compressive stresses are applied, part 1 and 2 in Fig.8.10(b) are expected to 

fully detach giving the illusion of the formation of two finer particles. 
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Fig.8.10 Second-phase particle cracking in the 2024Al base alloy compressed at 0.1s
-1 

and 200ºC: 

(a) SEM micrograph, and (b) schematic representation.  

 

8.7.1.2 Deformed 2.0wt.% CNT/2024Al samples  

 

Fig.8.11(a) represent the SEM micrograph of the 2.0 wt.% CNT/2024Al composite deformed at 

a strain rate of 0.1s
-1 

and 200ºC. In addition to crack propagation through the observed surface, 

void formation in the composite was noted, as pointed out by the arrows in Fig.8.11(a). Similar 

observations were made in [176] for the Al6063/0.75Al2O3/0.75Y2O3 composite where the 

microstructural damage consisted of cracks and debonding since the matrix undergoes plastic 

flow, while the particles do not deform. The previous was expected to lead to the reduction of the 

workability of the composite due to cavity formation, eventually contributing to ductile fractures. 

A specific region was selected in Fig.8.11(b). Two different types of cracks were observed: 

Minor cracks propagating along the ED (thin red arrows), and major cracks having an orientation 

of ~45º with respect to ED (thick green arrows). The different nature of these cracks could be 

linked to the loading along ED which induced a significant difference in the elastic moduli 

between the matrix and CNTs. This caused stress concentrations and inhomogeneous flow of the 

(a) 

Minor 

cracks 

Major 

crack 

(b) 

CD 

1 

2 
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2024Al matrix, thus leading to the deep shearing micro-cracks (i.e., always inclined 45º to the 

vector of the applied stress [177]) and the minor cracks parallel to ED. 

 

        

 

Fig.8.11 Typical SEM micrograph showing (a) microstructural features of the 2.0 wt.% 

CNT/2024Al composite deformed at a strain rate of 0.1s
-1 

and 200ºC. Magnified view provided 

in (b). 

 

The deformation stress generated near the matrix/SiCP interface was also studied in [178] for the 

20 vol.%SiCP/2024Al. It was concluded that if deformation stress generated near the 

matrix/reinforcement interface does not have enough time to be accommodated at higher strain 

rates and exceeds the strength of the interface. Cavities would occur, grow, coalesce, and cause 

damage. Another observation could be made where the second phase particle, shown by dashed 

lines in Fig.8.11(b), displayed enhanced strength and resistance when compared to the particle 

previously studied in Fig.8.10 (i.e., only one crack plane was slightly depicted for the particle in 

Fig.8.11(b)). A similar observation was made in [169] where precipitates of the reinforced Al-Si 

(a) 

(b) 

ED 
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alloy were observed to be stronger than those in the base alloy and a less frequent cracking was 

reported. 

 

Fig.8.12(a) represents the SEM micrograph of the 2.0wt.% CNT/2024Al sample compressed at 

400ºC and 0.1s
-1

. A clear rotation of second phase particles was noted with respect to the 

compression direction (ED shown in Fig.8.12). As schematized in Fig.8.12(b), and angle θ could 

be defined between the loading direction and the longitudinal axis of the particle.  

 

             

                                         

                  

Fig.8.12 Typical SEM micrograph showing (a) second-phase particle rotation of the 2.0 wt.% 

CNT/2024Al composite deformed at a strain rate of 0.1s
-1 

and 400ºC, (b) schematic 

representation, and (c) magnified view.  
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A rotation of the Si particles was also observed for the Al-6-65Si-0.44Mg reinforced with B4C 

particulates where a schematic diagram of the particle alignment before and after compression 

described its rotation during material flow [174]. The orientation distribution of the eutectic Si 

particles after compression at a strain rate of 1 s
-1

 and 400°C was also provided in [169] where 

the fractions of precipitate of precipitate orientation based on the angle formed with the loading 

direction were quantified. Re-orientation of the particles with increasing deformation 

temperature was previously linked to eventual void nucleation, growth and coalescence [169]. To 

confirm that, the presence of some voids was detected in Fig.8.12(a) and was further magnified 

in Fig.8.12(c).  

 

8.7.2 Deformed microstructures in the “stable” domain 

 

Depending on the studied materials, microstructure mechanisms of the safe (i.e., stable) domains 

have previously been attributed to dynamic recrystallization (DRX), dynamic recovery (DRY) 

and superplasticity [171]. The following section is thus dedicated to studying the deformed 

microstructures in the stable domains. Using the efficiency of power dissipation and the dynamic 

stability criteria above, the safe hot working widow for the 2024Al and the 2.0 wt.% 

CNT/2024Al were found around higher temperatures and smaller strain rates. Hence, deformed 

microstructures and textures of the alloy and composite will be analyzed at 300, 350, and 400ºC, 

at a fixed strain rate of 0.001s-1. It is noted that for the 2024Al, EBSD analysis will be presented. 

An effort of obtaining deformed microstructures of the composite via EBSD was also attempted, 

however was not successful. In fact, it is already challenging to obtain accurate EBSD results of 

as-received MMCs, which made it even harder to analyze them after deformation, due to the 



154 

 

poor fit of the solution to the pattern. Hence, XRD analysis will be relied on for the case of the 

composite.  

 

8.7.2.1 Deformed 2024Al samples 

 

Fig.8.13(a), (c), and (e) represent the post-deformed EBSD orientation maps for the 2024Al at 

0.001  s
-
1, and temperature values of 300, 350, and 400°C respectively. Most of the grains in 

Fig.8.13(a) were equiaxed and an important grain size reduction was noticed in comparison with 

the as-received orientation map of the 2024Al (Fig.7.4(a)). Also more randomized orientations 

were observed in Fig.8.13(a) in comparison with Fig.8.13(c), where majority of the larger 

elongated grains exhibited a ˂111˃ texture. Most of the elongated grains previously seen in 

Fg.7.4(a) vanished, expect a minority of grains which were pointed out by arrows in Fig.8.13(a). 

The corresponding cumulative histogram of grain dimeters displayed in Fig.8.13(b), showed a 

pick value at ~3.4µm, representing the size of majority of the grains.  A clear grain refinement 

was noted compared to the as-received microstructure in Fig.7.4(a), previously found to be ~5 

µm for most of the grains. Fig.8.13(c) represents the EBSD orientation map at a similar strain 

rate (0.001s-1) but at a higher temperature of 350°C. Very few elongated grains persisted within 

a majority of equiaxed grains. 

 

A more randomized grain orientation was observed, with a further refined grain size of ~2.9µm 

for majority of the grains. As previously stated, a maximum efficiency of power dissipation of 

~39% was attained at 400°C and 0.001s-1 which corresponds to the condition of deformation of 

the map in Fig.8.13(e). All grains in Fig.8.13(e) were equiaxed.  
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Fig.8.13 EBSD orientation maps along with grain diameter distribution histograms of the 2024Al 

alloy deformed at a strain rate of 0.001 s
-1

 and (a, b) 300ºC, (c, d) 350ºC, and (e, f) 400ºC.  
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(c) (d) 

(e) (f) 

300ºC 

350ºC 

400ºC 
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A perfectly homogeneous microstructure was observed and no remaining elongated grains were 

seen. Fig.8.13(f) displayed a further refinement of the grain size (a peak of ~2.6µm). The 

homogeneous grain size distribution displayed in the optimal conditions of Fig.8.13(e), indicated 

the occurrence of adequate DRX [166]. This confirms that higher temperatures and lower strain 

rates are preferred for the hot working of the 2024Al. The motivation behind this could be 

credited to the fact that at higher temperatures and lower strain rates, the DRX occurred more 

extensively with the progress of deformation, which helped reduce the flow localization and led 

to a better workability of the material. As mentioned above, DRX was reported to happen at 

lower strain rates above 250ºC in [167]. It was also mentioned that up to a deformation of 425ºC, 

the 2024Al exhibited fine equiaxed grains near the alignments of (Cu, Al) particles and many 

transverse subgrains which are indicative of the persistence of DRX, were noted, however, 

starting from a temperature of 482ºC, abnormal grain growth started to be recorded [167], i.e., 

much higher than our temperature limit of 400ºC in the current study.  

 

Another EBSD feature was exploited in Fig.8.14 where deformed microstructures were 

fractioned into recrystallized, substructured and deformed portions. The partition is realized 

through AztecHKL software such as recrystallized grains could be identified in a set of 

plastically deformed grains by the grain orientation spread (GOS) method, where the internal 

average misorientation angle within each grain is measured. EBSD recrystallized fraction 

components of the specimens deformed in the safe region were thus provided in Fig.8.14(a), (c) 

and (e) for 300, 350, and 400ºC respectively. Corresponding quantification histogram of each of 

the maps was also provided where the recrystallized fraction was observed to increase from ~36% 

(Fig.8.14(b)) to ~38% (Fig.8.14(d)), to ~46 (Fig.8.14(f)). It is noted that the increase observed 
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between the maps for 300 to 350ºC was less important (only 2% increase), however an important 

gain in the recrystallized fraction was observed in Fig.8.14(f), where majority of the grains in 

Fig.8.14(e) were recrystallized. This was expected since a maximum efficiency of power 

dissipation of ~39%, was attained at 400°C and 0.001s
-1

 introducing a homogenized 

microstructure. The various EBSD features exploited throughout this section proved that 

continuous DRX was essentially observed where new grains nucleated evenly at high 

temperatures and low strain rate throughout the material and could hardly grow, since as stated 

above, the grain growth for the 2024Al alloy could only be seen at temperatures above the 482ºC 

threshold [167]. For the metals with high stacking fault energy such as Al, the main mechanism 

for DRX is continuous dynamic recrystallization (CDRX) at higher deformation temperatures 

[179], and the new grains could be formed gradually by transforming the low angle grain 

boundaries to high angle grain boundaries. Therefore, the peak efficiency of power dissipation 

may be mainly attributed to grain refinement by CDRX.  

 

8.7.2.2 Deformed 2.0 wt.% CNT/2024Al samples 

 

Fig.8.15(a) represents the initial {110} pole figure of the 2.0wt.% CNT/2024Al composite where 

majority of the poles were aligned parallel to RD and a maximum intensity of ~4.38 MRD was 

observed. After a compression at 300ºC and 0.001s
-1

, a split of intensity was observed and poles 

P2, P3, P4, and P5 appeared in Fig.8.15(b), while being accompanied by an intensity decrease 

(3.01 MRD) due to the split of intensities between all the newly appeared poles. A texture 

randomization was also noted at 300ºC.  
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Fig.8.14 EBSD recrystallized fraction component maps along with their quantification 

histograms of the 2024Al alloy deformed at a strain rate of 0.001 s
-1

 and (a, b) 300ºC, (c, d) 

350ºC, and (e, f) 400ºC.  
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The intensity decrease continued in Fig.8.15(c) for the composite deformed at 350ºC and the 

same strain rate, however the shifting towards P2 and P3 was more obvious.  

 

 

Fig.8.15 {110} pole figures of the 2.0 wt.% CNT/2024Al composite at (a) the undeformed state, 

and compressed at a strain rate of 0.001 s
-1

 and (b) 300ºC, (c) 350ºC, and (d) 400ºC.  

 

 

As previously stated, a maximum efficiency of power dissipation of ~30%, was attained at 

400°C and 0.001s
-1

 for the composite which corresponds to the condition of deformation of 

Fig.8.15(d). An accented intensity spread between P2 and P3 was obvious. Although P2 and P3 

were observed to sharpen in Fig.8.15(d), the intensity continued to decrease since few cubic 

orientations started to develop as well (Pointed by arrows in Fig.8.15(d)), leading to a further slip 

of intensities. DRX texture components could be identified for the composite through the two 
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poles P2 and P3. DRX was also observed for high temperature deformed microstructures of 

composite fabricated with finer SiCP and smaller 2024Al powders [178]. It was reported in [180] 

that the 2024Al with 8 µm SiCp exhibited small equiaxed grains with high dislocation density at 

temperatures of 320-400, indicating that DRX occurred during hot deformation. Textures of 

deformed samples at 350 °C and 450°C of the AZ61/Sr were also considered in [181]. In case of 

increasing temperature, the texture changed to random with a lower intensity, which is 

conforming to the observations made in Fig.8.15.  

 

8.8 Summary  

 

The modeling of material behavior which explicitly describes the dynamic processes occurring 

during hot deformation has been presented for the 2024Al base alloy and the 2.0 wt.% 

CNT/2024Al composite by means of high temperature compression in the range 200-400ºC, and 

0.001-0.1 s
-1

. The following conclusions could be drawn: 

1. The presence of CNTs in the 2024Al alloy increased the activation energy of its plastic 

deformation from 275 kJ/mol to 322 kJ/mol, suggesting the beneficial role of the 

reinforcement in improving its high temperature performance. 

2. 3-D processing maps were able to deal with the sensitivity of the workability to strain at 

elevated temperatures, which helped to clearly describe the distributions of the efficiency of 

power dissipation and flow instability domains in terms of the process parameters without 

interruptions.   

3. According to the conventional 2-D and 3-D processing maps, single optimum domains of hot 

deformation for the alloy and composite were detected in the high temperature, low strain 
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rate range, with a shrinking of the processing window limits for the composite, due to its 

more complicated microstructural features at high temperature deformation. 

4. The processing map of the 2024Al alloy and the 2.0wt.% CNT/2024Al revealed a maximum 

efficiency of power dissipation of ~39% and ~30%, respectively, which were both obtained 

400°C and 0.001s
-1

.  

5. Instability regions occurred at higher strain rates and lower temperatures in both alloy and 

composite. However, it almost vanished at 0.01s
-1

 for the alloy, in contrast to the composite 

where larger instable regions persisted.  

6. The study of the stable regions of the 2024Al at the lowest strain rate of 0.001s
-1

 and the 

temperature values of 300, 350, and 400ºC via EBSD revealed an increase of the 

recrystallized fraction from ~36%, to ~38%, to ~46%, respectively, where a homogenized 

microstructure having equiaxed grains was observed at the highest temperature.  

7. Although second phase particles in both alloys had a similar morphology, there was a 

difference in their performance during hot compression. In the composite, they were more 

resistant to the induced micro-cracks. 
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CHAPTER 9 

CONCLUSIONS AND FUTURE WORK 

 

9.1 Conclusions 

 

The proposed dissertation helped understand the factors affecting the deformation behavior and 

performance of two key lightweight alloys in automotive applications, namely Al and Mg alloys. 

Investigations started by examining the deformation behavior of RE-free wrought Mg alloys, 

through RT compression tests of an extruded AZ31 Mg alloy. Then, a recently-developed 

ZEK100 Mg alloy with a low RE content (i.e., 0.2 wt.% Nd) was subjected to strain-controlled 

push-pull type fatigue tests at a constant strain rate and RT, while being compared with RE-free 

and high RE-containing alloys. Both cyclic and anelastic behavior were evaluated. Effect of 

CNT additions was also appreciated through RT and HT compression tests on a 2024Al base 

alloy and a 2.0 wt.% CNT/2024Al composite. The following major conclusions could be drawn: 

 

1. Plastic deformation of the extruded AZ31 Mg alloy deformed under compression along the 

extrusion direction was characterized by profuse extension twinning.  

2. Twinning propagation in wrought Mg alloys was accommodated by the growth of existing 

twin lamellas at higher compressive strains. A fast saturation of twin nucleation was 

attained for the case of single twin variants. However, for double twin variants, intersecting 

twins led to a delayed space confinement by the finer twin lamellas.  

3. The microstructure of a low RE-containing ZEK100 Mg alloy in the annealing O condition 

was characterized by equiaxed grains due to the occurrence of DRX. The alloy contained 
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some Mg12Nd and MgZn particles. The addition of 0.2 wt.% Nd along with 1.3 wt.% Zn 

and 0.25 wt.% Zr led to the weakening of basal texture in comparison with the extruded 

RE-free AZ31 alloy.  

4. Fatigue life of ZEK100 determined via strain-controlled fatigue tests was longer than that 

of the extruded RE-free Mg alloys, as a result of a fairly good combination of strength and 

ductility. A slight cyclic softening was observed at high strain amplitudes, whereas cyclic 

stabilization occurred at lower strain amplitudes. 

5. A major improvement in the asymmetry of the ZEK100 hysteresis loops was observed in 

comparison with the extruded RE-free Mg alloys, indicating the effectiveness of the 

addition of Nd which played a significant role in overpowering the incidence of excessive 

twinning via texture weakening and grain refinement. 

6. Global sensitivity analysis indicated that strain ratio was an influential parameter for the 

anelastic behavior. The anelastic strain amplitude, along with the three newly defined 

parameters (eccentricity, angle deviation, and relative slope change) all increased with 

decreasing strain ratio, reflecting more asymmetric and skewed hysteresis loops.  

7. Singly dispersed CNTs in the 2024 Al matrix were revealed via TEM. Al4C3 phase was 

also present, being either directly attached to CNTs or in the matrix in their vicinity, 

suggesting the occurrence of reactions between the Al matrix and CNTs during the 

composite synthesis.  

8. Deformation resistance of the composite at both RT and HT was effectively enhanced 

owing to the addition of CNTs. This was mainly associated to the Hall-Petch strengthening, 

and composite strengthening including load transfer, thermal mismatch and Orowan 

looping.  
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9. The presence of CNTs in the 2024Al alloy increased the activation energy of its plastic 

deformation from 275 kJ/mol to 322 kJ/mol, suggesting the beneficial role of the 

reinforcement in improving its high temperature performance. Also, according to the 

conventional 2-D and 3-D processing maps, single optimum domains of hot deformation 

for the alloy and composite were detected in the high temperature, low strain rate range, 

with a shrinking of the processing window limits  for the composite, due to its more 

complicated microstructural features at high temperature deformation. 

 

9.2 Main contributions 

 

 

The proposed research was fundamental in dealing with some of the most challenging barriers 

facing the development and applications of lightweight alloys. Major contributions consisted of 

addressing a few critical issues and limitations faced by Mg and Al alloys through the 

consideration of RE addition and CNT reinforcement. A fundamental understanding of 

deformation and fatigue of lightweight alloys was developed in order to achieve long-term 

performance, provide a basis for further development of lightweight alloys for automotive, 

aerospace, and electronic applications. The following major contributions could be listed:  

 The occurrence of deformation twinning in wrought Mg alloys has been well recognized, 

however its effect on the mechanical behavior under stepwise uniaxial loading has not yet 

been well understood. This research conducted fundamental studies on the mechanical 

behavior in wrought Mg alloys, which are essential for the implementation of lightweight 

structural applications in the manufacturing sectors, since twinning plays a significant 

role in their deformation and failure.  
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 Various double twinning structures that were only acknowledged theoretically or through 

atomistic simulations (e.g., molecular dynamics) were detailed experimentally through 

in-situ EBSD investigations of similar regions throughout stepwise compression tests. 

 New twin-twin interaction scenarios (i.e., ladder-like and branching-like structures) were 

identified depending on the strain amounts and paths of incoming twins and their 

impingement on the pre-existing twins. 

 Two of the manuscripts published during this research about the fatigue of ZEK100 Mg 

alloy were the first studies in the literature to cover the LCF of such a low RE-containing 

alloy. In fact, the major impact was to provide an option that promotes the use of low cost 

and low RE-Mg alloys due to their improved mechanical properties.  

 Since the higher the weight percent of RE elements is, the pricier the alloy would be, cost 

was taken into account by improving the properties of an Al-free and low (0.2 wt.% Nd) 

RE-containing ZEK100 wrought Mg alloy and by detailing different aspects of its fatigue 

performance in comparison with RE-free Mg alloys and rich RE-containing (highly 

expensive) Mg alloys, thus promoting ZEK100 as an affordable option for auto industry.  

 Investigations on the material behavior through hot deformation of Al base alloy and 

CNT-reinforced AMCs put emphasis on the impact of CNTs on the strength and ductility 

of the Al base alloys. The performed tests underlined the impact of CNTs on hot 

workability, activation energy, and optimum processing window, which constitute a 

benchmark for future work on these materials.  
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9.3 Recommendations for future work  

 

The following future investigations could further deepen the mechanistic understanding of the 

unusual plastic deformation behavior in wrought Mg and Al alloys during monotonic and cyclic 

loading: 

1. Digital image correlation would be interesting in tracking the local strain distribution 

during stepwise compression tests of RE-free Mg alloys. 

2. Only stepwise compressions along ED were presented while studying twinning 

deformation in the present work. It would be also interesting to use the orthorhombic-

shaped sample and vary the loading direction to examine the behavior of twinning. 

Detwinning (i.e., twin shrinkage) is expected to occur and would be interesting to 

monitor through in-situ EBSD.  

3. Polycrystal plasticity modeling combined with TEM observations would be helpful in 

understanding the hardening behavior in Mg alloys. 

4. Twin-twin interaction using 3D-XRD and tomography could provide a better 

understanding of the twinning mechanisms in Mg. 

5. Bi-axial or multi-axial fatigue tests for the RE-Mg alloys would be interesting to study 

the anisotropic behavior of these alloys, since no such results have been reported in the 

literature for these alloys yet. 

6. It would be interesting to predict the cyclic deformation behavior of RE-Mg alloys using 

finite element analysis, along with a quantitative correlation between the strain hardening, 

twinning, and texture of RE-Mg alloys. 
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7. Microstructural characterization of the RE-Mg alloys with heat treatment, e.g., twin 

boundary structures, twin-dislocation and twin-precipitate interactions at an atomic level, 

needs to be done using HRTEM, high-temperature XRD, and if possible, using neutron 

diffraction.  

8. Higher temperatures (up to 500ºC) while studying the hot deformation of Al base alloys 

and composites and to observe the microstructural features since abnormal grain growth 

is expected to occur at temperatures higher than 482ºC for such material.  
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APPENDICES 

HOT DEFORMATION FLOW CURVES AT ALL STRAIN RATES AND 

TEMPERATURES FOR THE ALLOY AND THE COMPOSITE  

 

 

 

 

A 1.1 Compressive flow curves of two distinct reproducible tests for the 2024Al alloy 

compressed at RT and strain rates of (a) 10
-3 

s-1, (b) 10
-2

 s
-1

, and (c) 10
-1

 s
-1

.  

 

 

 
 

A 1.2 Compressive flow curves of two distinct reproducible tests for the 2024Al alloy 

compressed at 200ºC and strain rates of (a) 10
-3 

s-1, (b) 10
-2

 s
-1

, and (c) 10
-1

 s
-1

.  

 

 

(a) (b) (c) 

(a) (b) (c) 
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A 1.3 Compressive flow curves of two distinct reproducible tests for the 2024Al alloy 

compressed at 250ºC and strain rates of (a) 10
-3 

s-1, (b) 10
-2

 s
-1

, and (c) 10
-1

 s
-1

.  

 

 

 
 

A 1.4 Compressive flow curves of two distinct reproducible tests for the 2024Al alloy 

compressed at 300ºC and strain rates of (a) 10
-3 

s-1, (b) 10
-2

 s
-1

, and (c) 10
-1

 s
-1

.  

 

 

 
 

A 1.5 Compressive flow curves of two distinct reproducible tests for the 2024Al alloy 

compressed at 350ºC and strain rates of (a) 10
-3 

s-1, (b) 10
-2

 s
-1

, and (c) 10
-1

 s
-1

.  

 

 

(a) (b) (c) 

(a) 

(a) 

(b) (c) 

(b) (c) 
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A 1.6 Compressive flow curves of two distinct reproducible tests for the 2024Al alloy 

compressed at 400ºC and strain rates of (a) 10
-3 

s-1, (b) 10
-2

 s
-1

, and (c) 10
-1

 s
-1

.  

 

 

A 1.7 Compressive flow curves of two distinct reproducible tests for the 2.0 wt.% CNT 2024Al 

composite compressed at RT and strain rates of (a) 10
-3 

s-1, (b) 10
-2

 s
-1

, and (c) 10
-1

 s
-1

.  

 

 

 

A 1.8 Compressive flow curves of two distinct reproducible tests for the 2.0 wt.% CNT 2024Al 

composite compressed at 200ºC and strain rates of (a) 10
-3 

s-1, (b) 10
-2

 s
-1

, and (c) 10
-1

 s
-1

.  

 

 

(a) (b) (c) 

(a) (b) (c) 

(a) (b) (c) 
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A 1.9 Compressive flow curves of two distinct reproducible tests for the 2.0 wt.% CNT 2024Al 

composite compressed at 250ºC and strain rates of (a) 10
-3 

s-1, (b) 10
-2

 s
-1

, and (c) 10
-1

 s
-1

.  

 

 

 
 

A 1.10 Compressive flow curves of two distinct reproducible tests for the 2.0 wt.% CNT 2024Al 

composite compressed at 300ºC and strain rates of (a) 10
-3 

s-1, (b) 10
-2

 s
-1

, and (c) 10
-1

 s
-1

.  

 

 

 

A 1.11 Compressive flow curves of two distinct reproducible tests for the 2.0 wt.% CNT 2024Al 

composite compressed at 350ºC and strain rates of (a) 10
-3 

s-1, (b) 10
-2

 s
-1

, and (c) 10
-1

 s
-1

.  

 

 

(a) (b) (c) 

(a) (b) (c) 

(a) (b) (c) 
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A 1.12 Compressive flow curves of two distinct reproducible tests for the 2.0 wt.% CNT 2024Al 

composite compressed at 400ºC and strain rates of (a) 10
-3 

s-1, (b) 10
-2

 s
-1

, and (c) 10
-1

 s
-1

.  
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