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ABSTRACT 

 

Lightweighting in ground vehicles is considered as one of the most effective strategies to 

improve fuel economy and reduce anthropogenic environment-damaging, climate-changing and 

costly emissions. Magnesium (Mg) alloy, as a strategic ultra-lightweight metallic material, has 

recently drawn a considerable interest in the transportation industry to reduce the weight of 

vehicles due to their high strength-to-weight ratio, dimensional stability, and good machinability 

and recyclability. However, the hexagonal close-packed crystal (HCP) structure of Mg alloys 

gives only limited slip systems and develops sharp crystallographic textures associated with 

strong mechanical anisotropy and tension-compression yield asymmetry. For the vehicle 

components subjected to dynamic loading, such asymmetry could exert an unfavorable influence 

on the material performance. These problems could be tackled through texture modification via 

addition of rare-earth (RE) elements. These RE-Mg alloys possess relatively weak initial textures, 

which lead to improved ductility and strength, and a reduction of the tension-compression 
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asymmetry present in the conventional wrought Mg alloys. Despite the fact that the addition of 

RE elements sheds some light on the alterations in the mechanical anisotropy and the tension-

compression yield asymmetry, the potential advantage of such RE-Mg alloys as structural 

components under cyclic loading condition has not been well appreciated. Thus, the main 

objective of this dissertation was to explore the cyclic deformation behavior of RE-Mg alloys 

under varying strain amplitudes and strain ratios, and correlate the behavior to the 

microstructural change and crystallographic texture weakening in the RE-Mg alloys in different 

states (extruded and heat-treated). Unlike the RE-free Mg alloys, these alloys exhibited 

essentially cyclic stabilization and fairly symmetrical hysteresis loops due to the weaker texture 

and reduced twinning-detwinning activities. While these alloys had a lower cyclic strain 

hardening exponent than the RE-free extruded Mg alloys, it had a longer fatigue life which can 

also be described by the Coffin-Manson law and Basquin’s equation. Fatigue crack was observed 

to initiate from the specimen surface with some cleavage-like facets near the initiation site. 

Crack propagation was basically characterized by fatigue striations in conjunction with 

secondary cracks. A detailed analysis for understanding the obstructive role of the precipitate to 

twinning has been also presented. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background and motivation 

 
The increasing climate extremes such as severe droughts, worrisome water risks, super-

storms and destructive floods under global warming, which are known to be largely 

irreversible on timescales of many centuries [1], have today been recognized to be a 

consequence of the anthropogenic greenhouse gas emissions [2-10]. Lightweighting of 

ground vehicles at present is regarded as one of the most effective strategies to improve fuel 

economy and reduce environment-damaging, climate-changing, human death-causing
1
 and 

costly
2
 emissions [11-14]. It has been reported that the fuel efficiency of passenger vehicles 

can be enhanced by 6-8% for each 10% reduction in weight [15]. Advanced high-strength 

steels, aluminum alloys, magnesium (Mg) alloys, and polymers are being used to reduce 

vehicle weight and the subsequent emissions [16,17], but substantial reductions could be 

achieved further by more applications of Mg alloys which have been considered as a strategic 

ultra-lightweight material in the automotive and aerospace sectors [11,12,18-23]. 

 

In the structural applications of Mg alloys in the transportation industry, including camshaft 

covers, clutch and transmission housings, intake manifolds and automobile wheels [24], the 

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

http://news.sciencemag.org/signal-noise/2014/03/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.” 
2
 Revesz RL, Howard PH, Arrow K, Goulder LH, Kopp RE, Livermore MA, Oppenheimer M, Sterner T, 

Global warming: Improve economic models of climate change, Nature, April 10, 2014, vol.508, pp.173-175. 

http://news.sciencemag.org/signal-noise/2014/03/air-pollution-kills-7-million-people-year
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components are inevitably subjected to cyclic stresses and strains for millions of cycles in 

service [16,25-32]. It is well known that a metal subjected to repeated or fluctuating stresses 

will fail at a stress level much lower than that required to cause fracture on a single 

application of load [33]. Such a failure occurring under conditions of dynamic loading is 

called fatigue failure. It accounts for about 80~90% of all service failures due to mechanical 

stresses [34]. Fatigue failure is particularly harmful because it occurs without any obvious 

warning. Hence, knowledge on the cyclic deformation and fatigue behavior of Mg alloys is 

of vital importance for the design and durability evaluation of structural engineering 

components. 

 

Despite the potential of substantial reductions in weight, most wrought Mg alloys exhibited a 

high degree of anisotropy and tension-compression yield asymmetry due to the presence of 

strong crystallographic texture owing to their hexagonal close-packed (HCP) crystal structure 

with limited slip systems during extrusion or rolling processes [25-28,32,35-41]. Indeed, for 

the vehicle components subjected to dynamic cyclic loading, such mechanical anisotropy and 

tension-compression yield asymmetry could lead to irreversibility of cyclic deformation 

which may have an unfavorable influence on the performance and durability of structural 

components. Since there is a strong correlation between the crystallographic texture 

evolution during extrusion or rolling processes, the operating slip and twinning, and the 

resulting mechanical behavior, it is expected that controlling the microstructure, i.e., texture 

and grain size, has the potential to conquer the problems with the mechanical anisotropy and 

tension-compression yield asymmetry [42]. One appealing approach of achieving this goal is 

via alloy composition adjustments, especially the addition of rare-earth (RE) elements into 
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Mg alloys [37,42-56]. The addition of RE elements in Mg alloys can lead to fairly random 

initial crystallographic texture compared with the RE-free wrought Mg alloys, which leads to 

improved ductility and strength at both room and elevated temperatures via solid solution 

strengthening and precipitation strengthening [57-61]. It was also reported that a RE element 

alternates the bonding energy between Mg atoms and RE atoms, thus increasing the 

possibility of non-basal slip and inhibiting the basal slip and twinning [58]. For example, 

Stanford and Barnett [60] reported that the anisotropy of yield strength of a rolled Mg-Zn-RE 

alloy was reversed as compared with the traditional Mg-Zn alloy. Although these alterations 

in the tension-compression yield asymmetry due to the RE elements additions are being 

gradually enlightened, the detailed information of such RE-Mg alloys as structural 

components under dynamic cyclic loading condition is still lacking. It is unclear what are the 

effects of RE-elements on the tensile-compressive yield asymmetry which generally occurs 

in the RE-free extruded Mg alloys, whether RE-Mg alloys exhibit cyclic hardening or 

softening, to what extent the RE-elements affect the cyclic deformation behavior and fatigue 

life, and what would be the effects of the heat treatment on overall deformation behavior. 

Thus, proper understanding about the cyclic deformation characteristics of RE-containing 

Mg alloys is critical to harness the full potential and benefits of these alloys [16,62]. This 

dissertation represents a contribution to the Mg alloy development effort in the way of further 

enhance the understanding of the cyclic deformation behavior by examining the influence of 

grain size, texture, and twin formation in RE-Mg alloys. 
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1.2 Objectives and scope of this dissertation 

 

The general objective of this dissertation was to achieve a clear understanding of the 

deformation behavior of RE-Mg alloys. As mentioned earlier, studies on the alteration in the 

tension-compression yield asymmetry due to the addition of RE elements is being 

increasingly enlightened, clear understanding of the core mechanisms of deformation 

behavior of RE-Mg alloys is limited to the date. Therefore, as a first step, the compressive 

deformation behavior of such alloys was investigated followed by modeling of constitutive 

equation to predict the flow stress of RE-Mg alloys and lastly the cyclic deformation 

behavior was studied. The specific objectives of this present dissertation include the 

following: 

 To identify the effect of RE elements on deformation behavior of an extruded Mg-

10Gd-3Y-0.5Zr (GW103K) alloy during compression at different strain levels and 

explores a constitutive relation to quantify its deformation behavior. 

 To evaluate the cyclic deformation behavior of extruded and heat treated GW103K 

alloys under varying strain amplitudes and varying strain ratios. 

 To explore the cyclic deformation behavior of an extruded Mg-3Nd-0.2Zn-0.5Zr 

(NZ30K) alloy under varying strain amplitudes. 

The approach taken for meeting these goals was mostly experimental. This dissertation has 

been structured as follows: 

 

In the Chapter 2, a literature survey is presented on the recent trend of research and 

development on RE-Mg alloys, their properties; the microstructural characterization and 

evolution of mechanical properties of different RE-Mg alloys after monotonic and cyclic 
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deformation tests are also included. Chapter 3 gives the experimental procedures involved in 

this dissertation. Chapter 4 presents the details of the effect of RE elements on the 

deformation behavior of extruded GW103K alloy during compression at different strain 

levels with particular attention on the twin formation. Chapter 5 describes a constitutive 

relationship related to the stress, strain, temperature and strain rate to quantify the 

deformation behavior of extruded GW103K alloy based on the Johnson-Cook equation and a 

recently adopted strain hardening method. Chapters 6-8 presents the experimental results 

along with the discussion obtained from the low cycle fatigue tests subjected to different 

strain amplitudes of extruded GW103K alloy in different heat treatment states, and low cycle 

fatigue tests subjected to different strain ratios of extruded GW103K alloy, and low cycle 

fatigue tests subjected to different strain amplitudes of extruded NZ30K alloy. The 

conclusions stemming from the dissertation and points to the potential future scope for 

continuing with this research are stated in Chapter 9. 
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CHAPTER 2 

LITERATURE SURVEY 

 

2.1 Current status of Mg alloy research and development 

 

Mg, discovered in 1774 and named after the ancient city Magnesia, is found to be the 6th 

most abundant element, constituting 2% of the total mass of the Earth’s crust [16]. It can be 

produced from seawater, brines and Mg-bearing minerals which give a virtually unlimited 

supply of ore reserves. For example, it was estimated that at current world use levels there 

would be enough Mg in the Dead Sea for at least 22,000 years [63]. Mg is the lightest 

(density of 1.74 g/cm3, ~36% less than aluminum, ~4.5 times less than steel, and nearly the 

same as many polymers) structural metallic materials available [11,64]. The melting point 

and specific heat of Mg are almost the same as those of aluminum, while the Young's 

modulus and shear modulus of Mg are about two-thirds of those of aluminum. Pure Mg 

shows even higher damping properties than cast iron, although these properties are highly 

dependent on the prior heat treatment. Other attractive properties of Mg alloys include 

electromagnetic shielding, dimensional stability, and good machinability and recyclability 

[65]. Since 1993 there has been renewed interest in using “the forgotten material” Mg and 

Mg based alloys. In particular, the past decade has seen a growing demand for Mg alloy 

development for structural and automotive applications and other household and sport 

applications due to their large potential for weight saving and, thereby, for improved fuel 

economy and decreased exhaust emissions [19,65,66]. The uses of Mg as a structural 

material were, however, very few. The bulk was used as an alloying element in different 
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alloys. Alloying Mg with aluminum, manganese, rare-earth, thorium, zinc or zirconium 

increases the strength to weight ratio making them important materials for applications where 

weight reduction is important, and where it is imperative to reduce inertial forces. Because of 

this property, denser material, not only steels, cast iron and copper base alloys, but even 

aluminum alloys are being considered to be replaced by Mg-based alloys [63,67]. 

 

Furthermore, a report released by USAMP (United States Automotive Materials Partnership) 

expressed the vision of increasing considerably the use of Mg alloys by 340 lbs per car by the 

year of 2020, which will lead to a significant reduction of the vehicle weight (about 15%) 

[68]. In a October 2013 press release at WWJ Auto Summit, it was reported that “Vehicle 

lightweighting is auto industry's best opportunity to achieve CAFE (Corporate Average Fuel 

Economy) standard” and it was also stated that by using the modern technologies with 

lightweight materials the mass of every vehicle can be reduce by more than 95 kilograms 

(approximately 209 pounds), which is essentially the environmental equivalent of planting 

about 19 trees. Therefore, the application of Mg alloys results in weight reduction, energy-

saving, and as well as essentially equivalent to environmental protection. 

 

2.2 Microstructures of RE-Mg alloys 

 

2.2.1 Cast RE-Mg alloys 

 

A lot of investigations have recently been conducted on the cast Mg alloys with the addition 

of RE elements [43,57,69-92]. These studies have shown that RE elements can be used to 
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adjust mechanical properties with a wide range of alloy composition and heat treatment due 

to their fairly large solubility at the eutectic temperature and the formation of precipitates like 

Mg5RE (Gd, Y). Fig. 2.1 shows a typical microstructure of as-cast Mg-15Gd-5Y-0.5Zr alloy 

[77] and as-cast Mg-8Gd-0.6Zr-xNd-yY alloys, (x+y=3, wt.%) [70], respectively, where the 

as-cast alloy is mainly composed of continuous rosette-shaped equiaxed dendrites, and 

partially interdendritic eutectic co-exists in the alloy. There are also many dark petal-like Zr-

rich regions that are dispersed in the α-Mg. According to the previous literature 

[80,82,83,93,94], the main intermetallic compounds were Mg5RE, Mg41RE5, and Mg24RE5. 

The average equiaxed interdendritic arm spacing was about 30 μm in the as-cast Mg-15Gd-

5Y-0.5Zr alloy [70], which is fairly small in comparison with the common Mg, such as AZ31 

and AM30 [25-28,35]. This was due to the role of added RE elements and zirconium, where 

Zr mainly restricted the grain growth [95]. In addition, according to the study by He et al. 

[57], as-cast Mg-10Gd-2Y-0.5Zr alloy contains three different phases: α-Mg solid solution 

matrix phase with supersaturated Gd+Y elements, (Gd+Y)-rich eutectic compound which 

had a higher Gd+Y content than the matrix, and intracrystalline Zr-rich cores (Fig. 2.2).  

  

Figure 2.1: (a) Typical SEM micrographs of as-cast Mg-15Gd-5Y-0.5Zr alloy [77] and (b) 

as-cast Mg-8Gd-0.6Zr-xNd-yY alloys, (x+y=3, mass%) [70]. 

(a) (b) 
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Figure 2.2: SEM image of as-cast sample and the corresponding EDS spectra of the points 

indicated in the image [57]. 

 

2.2.2  Extruded RE-Mg alloys 

 

Wrought Mg alloys exhibit superior mechanical properties to casting counterparts due to the 

hot deformation during extrusion, rolling or forging where these parts are free from pores or 

cavities and at the same time the mechanical properties are improved through a 

thermomechanical treatment leading to an ideal microstructure [18,25,26,96-100]. For 

example, compared with the alloys in the as-cast condition, the microstructures of the alloys 
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in the as-extruded condition are greatly refined by dynamic recrystallization (DRX) in the hot 

extrusion process [78]. Some typical optical micrographs of hot-extruded Mg-8Gd-xZn-0.4Zr 

(x=0,1, and 3 wt.%) alloys are shown in Fig. 2.3 [78]. The Gd-containing intermetallic 

compounds in Mg-8Gd-xZn-0.4Zr alloys were broken during hot extrusion, and then 

dispersed along the direction of hot extrusion. The average recrystallized grain sizes of Mg-

8Gd-0.4Zr, Mg-8Gd-1Zn-0.4Zr, and Mg-8Gd-3Zn-0.4Zr alloys are about 8, 6, and 3 μm, 

respectively. During hot extrusion, recrystallized grains formed on the initially grain 

boundaries suggest that the accumulation of dislocations at grain boundaries stimulates the 

DRX process [78], and this also reflects the role of added RE elements [95]. A similar type 

of extruded microstructures is also reported by Liu et al. [87]. 

 

2.2.3  Heat-treated RE-Mg alloys 

 

Several studies have been reported regarding the effect of heat treatment on the 

microstructure of RE-Mg alloys, since these alloys showed a rapid response to precipitation 

hardening which is attributed to the presence of a high volume fraction of metastable 

precipitates [19,57,80,101]. The superior mechanical properties of RE-Mg alloys are mainly 

attributed to the metastable and stable precipitates that could remain stable at relatively 

elevated temperatures [19,101]. The effects of heat treatment on the microstructures of Mg-

10Gd-2Y-0.5Zr alloy were presented by He et al. [57] as shown in Fig. 2.4. For the as-cast 

specimen, the average grain size is 36 μm. After being solution-treated, the grains coarsen 

with increasing the solid-solution temperature; the grain size of specimens solution-treated at 

470, 490, 510, and 530°C, is 39, 43, 58, and 112 μm, respectively. Similar grain growth has 
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been reported for Mg-10Gd-3Y alloy in the T4 and T6 conditions by Dong et al. [102] and 

Liu et al. [103].  

 
 

Figure 2.3: Optical images of the as-extruded specimens: (a) and (b) Mg-8Gd-0.4Zr alloy, (c) 

and (d) Mg-8Gd-1Zn-0.4Zr alloy, and (e) and (f) Mg-8Gd-3Zn-0.4Zr alloy [78]. 
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Figure 2.4: Effects of solution treatment temperature on the microstructure of Mg-10Gd-2Y-

0.5Zr alloy, whose specimens were solution-treated at the temperature indicated in 

photographs for 8 h [57]. 

 

In addition, Fig. 2.5 shows the X-ray diffraction (XRD) patterns of the GW103 alloy under 

different conditions [102]. It can be observed that the extruded-F GW103 alloy is mainly 

composed of α-Mg solid solution and the Mg24Y5 secondary phase, where Gd probably 

substitutes Y. In aging-treated GW103 alloys illustrated in Fig. 2.5(b-d), there are Mg5(Gd, Y) 

precipitates besides α-Mg and Mg24Y5 intermetallics, and the Mg5(Gd, Y) precipitates 

increase in number with the aging time. It can also be seen that extruded-T4 is mainly 

composed of supersaturated α-Mg solid solution. There are Mg5(Gd, Y) precipitates besides 

100 µm 

 
100 µm 

 

100 µm 

 
100 µm 
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α-Mg present in the extruded-T6 alloy. The structure and morphology of the precipitate 

phases and the precipitation sequence in the RE-Mg alloys have been well established 

[57,76,104-106]. He et al. [57] investigated the effect of different heat treatment procedures 

(i.e., aging and solution treatment) on the mechanical behavior of Mg-10Gd-2Y-0.5Zr (wt.%) 

alloy. Fig. 2.6 shows some TEM micrographs recorded from a Mg-10Gd-2Y-0.5Zr alloy 

after aging at 225°C for 16 h, with three variants of precipitates formed on α, and 

extended along  α directions in [0001]α projection. A high number density of 

precipitates that were almost distributed uniformly in the matrix was observed from Fig. 

2.6(a) and (b) and the three-dimensional shape of the precipitates resemble a convex lens 

elongated along [0001]α [57]. The precipitates were identified by selected area electron 

diffractions (SAED), to be β′ a c-based centered orthorhombic structure (cbco) phase as Fig. 

2.6(c) and (d) [57]. Similar precipitates were also reported in the solution-treated and aged 

alloys in refs. [76,104,107]. 

 

Figure 2.5: XRD analysis of GW103 alloy under different conditions: (a) extruded-F, (b) 

extruded-UA, (c) extruded-PA, (d) extruded-OA, (e) extruded-T4, and (f) extruded-T6 [102]. 

}0211{

0011
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Figure 2.6: Bright field images taken along (a) [0001]α and (b) ]0110[ α zone axis and 

corresponding SAED patterns shown in (c) B//[0001]α and (d) B// ]0110[ α recorded from a 

Mg-10Gd-2Y-0.5Zr alloy aged at 225°C for 16 h [57]. 

 

2.3 Crystallographic textures of RE-Mg alloys 

 

Wrought Mg alloys normally exhibit strong basal type textures with basal planes of most 

grains aligned parallel to the rolling/extrusion direction [16,36,46,108]. It has been recently 

reported that if Mg is alloyed with RE elements, the resulting alloy can develop weaker 

textures and less common than typical textures observed in conventional Mg alloy sheet 

during deformation processing [41] or subsequent annealing [109,110]. This provoked 
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tremendous attention to a number of RE elements, which are considered effective texture 

modifiers for Mg alloys, such as Gd [44-47,57-62,75,111-116], Y [45,46,57,58,75,111-

114,116,117], Ce [46,48,60,116,117], La [47,60,116,117], and Nd [46,117-120]. Even at low 

alloying levels/concentrations there is a shift in the orientation peak of the extrusion textures 

in the RE-Mg alloys from to the new positions ,  or  

parallel to the extruded direction, which have been referred to as “RE texture components” 

[45,46,48,49,59,60,109,116]. For example, an addition of small amount of Gd (0.22 wt.%) 

[115] and Ce (0.5 wt.%) [52] to Mg alloys could significantly reduce the texture of the 

extruded alloy and the addition of Y element had a similar effect on the texture of Mg alloys 

[121,122]. As shown in Fig. 2.7, as the Gd content increased, the texture sharpness decreased 

in a Mg-Gd binary alloy [115]. The biggest change in texture occurred within the first ~1 

wt.% addition, after which the change of texture with Gd concentration was less pronounced. 

Besides, these “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 [25-28,46]. 

Bohlen et al. [117] reported that the overall texture intensity and the basal pole intensity 

aligned with the sheet normal direction were lower for RE-containing alloys than for 

conventional Mg alloys, and the typical character of the sheet texture was also altered. It was 

reported that sheet textures of many RE elements containing Mg alloys exhibit a greater tilt 

of basal poles towards the sheet transverse direction, rather than in the rolling direction (as 

shown in Fig. 2.8), which promotes more activation of basal slip during loading in the 

transverse direction than in the rolling direction [123].  

 0110  1211  2211  1220
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Figure 2.7: Effect of Gd content on the recrystallization texture intensity in a Mg-Gd binary 

alloy [115]. 

 

 
 

 
Figure 2.8: (0001) and {10-10}pole figures of the as-received (a) AZ31 and (b) ZE10 sheets, 

where density profiles of the basal pole along different sheet directions are shown for (c) 

AZ31 and (d) ZE10 sheets (RD: rolling direction, TD: transverse direction, 45°: 45° from the 

RD) [123]. 

 

(a) 

(b) 

(c) (d) 
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2.4 Tensile and compressive properties of RE-Mg alloys 

 

So far, a lot of studies have investigated the mechanical properties of different RE-Mg alloys 

[37,41,48,70,78,80-82,113]. Due to the HCP structure, Mg alloys show high anisotropy in 

mechanical properties, which is one of the major barriers to the wider application of wrought 

Mg alloys. However, it was reported that the addition of RE elements conquers the 

anisotropy problems by weakening the texture, which could lead to wider applications for 

RE-Mg alloys [46,47,49]. Experimental results from different investigations on RE-Mg 

alloys show the dependence of tensile/compressive properties such as yield strength, ultimate 

strength, elongation and strain hardening exponent on microstructure and crystallographic 

textures [37,103]. For example, uniaxial tensile and compressive stress-strain curves for a 

RE-Mg alloy (GW123k) are shown in Fig. 2.9 [37]. It is seen that, compared to the 

conventional extruded AZ31 Mg alloy, the lack of strong texture in GW123k alloy leads to 

reduced tension-compression yield asymmetry. Furthermore, the refinement of grains 

through extrusion, the dispersion of fine precipitated particles and the high content of solute 

rare-earth elements may provide enough barriers for dislocation slip, thus improving both the 

compressive and tensile yield strengths. Similar results have been reported in refs. 

[41,48,103]. 

 

2.5 Fatigue behavior of RE-Mg alloys 

 

A lot of investigations have been conducted on the fatigue behavior of Mg alloys in the last 

decade or so, included wrought alloys i.e., AZ31 [25-27,124-128], AM30 [28,35], ZK60 
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[129,130], and cast alloys, i.e., AZ91 [131-134], AM60 [135-138], AM50 [139-141]. Some 

information on this aspect could be seen in a recent review [16]. Fatigue properties of RE 

containing Mg alloys have been studied recently [37,58,86,88-91,102,142-149], which will 

be discussed in the following sections. 

 

Figure 2.9: Uniaxial tensile and compressive stress-strain curves for (a) GW123k alloy and 

(b) AZ31 alloy [37]. 

 

2.5.1  Stress-controlled fatigue behavior 

 

The stress-controlled fatigue data are basically presented by means of stress-life (S-N) curves 

- a plot of stress (S) (stress amplitude in most cases) against the number of cycles to failure 

(N) in a log scale. While the S-N curve approach is old, it represents the most thoroughly 

examined fatigue characteristics of Mg and other materials [34,150]. Yang et al. [86,142] 

investigated the stress-controlled fatigue properties of AZ91D alloy with different 

concentrations of RE element Ce using the high-frequency fatigue testing machine. Fig. 2.10 

shows the typical S-N curves for an AZ91D alloy with varying amounts of Ce addition (1 wt.% 

and 2 wt.%) [86,142]. The addition of 1 wt.% and 2 wt.% Ce results in an improvement of 
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20.3% and 9.1%, respectively, in the fatigue strength of AZ91D alloy. Similar improvements 

in the high cycle fatigue (HCF) properties were reported in the die-cast AZ91D Mg alloy 

after adding different amounts (0.5%, 1.0%, and 1.5%) of Nd by Yang and Li [90], in the 

die-cast AZ91D alloy with or without 1wt.% Ce by Yang and Liu [89], in the die-cast 

AZ91D alloys by adding 1% mischmetal (50%Ce, 30%La, 12%Nd, and 6%Pr) by Xu et al. 

[88], and in the gravity cast AZ91 alloy by adding 1% mischmetal (67% Ce, 23% La, 7% Pr 

and 2% Nd) by Mokhtarishirazabad et al. [91]. As reported in refs. [86,89,91,142], the 

factors that influence the HCF properties of die-cast AZ91D alloy include grain size, size and 

distribution of inclusions, pores and Mgl7Al12 intermetallic particles. 

 
Figure 2.10: S-N curves for an AZ91D alloy with different amounts of Ce addition. (a) 0% 

Ce, (b) l% Ce, and (c) 2% Ce [86,142]. 
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The grain size was remarkably refined due to the addition of RE elements (e.g., Ce and Nd). 

This led to improved HCF properties of the die-cast AZ91D alloy, since the amount of grain 

boundaries increases with decreasing grain size, thus increasing the resistance to the 

movement of dislocations during plastic deformation. As well, the addition of Ce was 

observed to result in decreased size and amount of porosity and inclusions (evenly 

distributed), the fatigue strength of the Mg alloy further increased [89]. 

 

Several studies also involved the HCF behavior of Gd and Y containing Mg alloys [37, 

102,144,145]. Yang et al. [37] compared the HCF resistance of extruded Mg-12Gd-3Y-0.5Zr 

(GW123K) alloy with that of conventional extruded AZ31 alloy. The GW123K alloy appears 

to exhibit a continuous decreasing S-N curve without a horizontal asymptote (as shown in Fig. 

2.11) [37] and it has a higher fatigue strength than that of the AZ31 alloy [151]. The addition 

of Gd and Y helped Mg alloys eliminate the commonly-observed tension-compression yield 

asymmetry in the conventional wrought Mg alloys. Similar improvements were also reported 

in an as-extruded and aged Mg-10Gd-3Y alloy (GW103) by Song et al. [145]. The influence 

of heat treatment on the fatigue behavior of Mg-10Gd-3Y alloys was investigated by Dong et 

al. [102], and for all samples tested significant improvements in fatigue life was observed. 

The fatigue strength in the GW103 alloy was reported to be associated with the threshold 

stress for basal slip, which can be affected by the solid solution hardening and precipitation 

hardening effect [102]. As mentioned earlier, the Gd and Y containing precipitates were 

fairly stable at elevated temperatures, thus enhancing the high temperature fatigue resistance 

as well [144]. 
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Figure 2.11: S-N curve of an extruded Mg-12Gd-3Y-0.5Zr (GW123K) alloy [37]. 

 

2.5.2  Strain-controlled fatigue behavior 

 

Strain-controlled low cycle fatigue (LCF) conditions are frequently present where the 

repeated stresses are of thermal origin and at the notch root [33,34]. LCF occurs at the high 

stress level and low numbers of cycles, and the relevant strain-life data are required in the 

design of structural components especially in the automotive industry. While there are many 

reports on the fully reversed (Rε=-1) strain-controlled fatigue behavior of RE-free Mg alloys, 

e.g., AZ31 [25-27,125,126], ZK60 [129], AM50 [96], AM60B [152,153], and AZ91 

[154,155], a number of studies on the strain-controlled LCF behavior of RE-Mg alloys have 

recently been done [58,147-149]. Most of the studies involved the strain-controlled LCF 

behavior of Mg-Gd-Y system/alloys. For example, Wang et al. [58] performed the fully 

reversed strain-controlled tension-compression tests along the extrusion direction of an 

extruded Mg-8.0Gd-3.0Y-0.5Zr (GW83) alloy with strain amplitudes varying from 0.275% 

to 5.0%, and they observed that the GW83 alloy exhibit near-symmetric stress-strain 

hysteresis loops and marginal cyclic hardening with almost zero mean stress. Other studies 
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includes the LCF behavior of extruded Mg-12Gd-3Y-0.5Zr by Yin and Li [148], and 

extruded Mg-10Gd-2Y-0.5Zr by Zhu et al. [149], and as-cast Mg-10Gd-2.0Y-0.46Zr alloy by 

Wu et al. [147]. In addition, Fu et al. [146] reported the strain-controlled LCF behavior of 

AZ91D+0.3%Ce alloy at room temperature using varying strain amplitudes. 

 

2.5.2.1  Stress-strain hysteresis loops 

 

The analysis of the stress-strain hysteresis loops can give a better understanding on the cyclic 

deformation behavior of the Mg alloys under LCF condition. Fig. 2.12 shows the stress-strain 

hysteresis loops of an extruded Mg-8.0Gd-3.0Y-0.5Zr (GW83) alloy obtained from fully 

reversed strain-controlled fatigue experiment at different total strain amplitudes [58]. Unlike 

the conventional extruded Mg alloy where the compression branch of the stress-strain 

hysteresis loop has a concave-up shape, the lower branch of GW83 has a sigmoidal shape 

similar to that of the upper branch. With deceasing total strain amplitude, the hysteresis loops 

become smaller [58]. Fig. 2.13 also illustrates the near-symmetric stress-strain hysteresis 

loops of an extruded GW123K alloy fatigued at different total strain amplitudes [148]. 

Similar symmetric hysteresis loops were also reported for AZ91D+0.3%Ce alloy by Fu et al. 

[146] and GW102K alloys by Zhu et al. [149]. 
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Figure 2.12: Stress-strain hysteresis loops of an extruded GW83 alloy fatigued at (a) 

Δ/2=4.0%, (b) Δ/2=0.77%, and (c) Δ/2=0.30% [58]. 

 
Figure 2.13: Hysteresis loops of a GW123K alloy fatigued at varying total strain amplitudes 

[148]. 

 

2.5.2.2  Cyclic deformation response 

 

In the total strain controlled fatigue tests the cyclic stress response of a material during cyclic 

deformation represents the change of the stress amplitude with consecutive cycles, and 

illustrates the path by which the material achieves its final stress level. Fig. 2.14 shows the 

evolution of stress amplitudes with respect to the number of cycles at different applied strain 
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amplitudes in an extruded Mg-8.0Gd-3.0Y-0.5Zr (GW83) alloy [58]. As the total strain 

amplitude increased, the stress amplitude increased and the fatigue life of the material 

decreased. When the strain amplitude is below 1.0%, the material displays nearly stable or 

slightly cyclic hardening behavior that may be attributed to the dislocation transformation 

effects by the increased dislocation slips [156]. On the other hand, when the strain amplitude 

is higher than 1.0%, the alloy exhibits first cyclic hardening and then cyclic softening until 

fracture. Other studies also showed that the cyclic stress response of the RE-containing Mg 

alloys is rather stable, especially at a low strain amplitude of 0.2% for an extruded GW123K 

alloy [148].  

 
Figure 2.14: Variation of stress amplitude with increasing number of cycles at varying strain 

amplitudes from 0.275% to 5.0% for an extruded GW83 alloys [58]. 

 

2.5.2.3   Fatigue life and parameters 

 

The RE-Mg alloys exhibit a longer fatigue life as compared with RE-free wrought Mg alloys 

[26,28,148,149,156-159]. Zhu et al. [149] reported that the Mg-10Gd-2Y-0.5Zr (GW102K) 

alloy showed a superior fatigue resistance as compared to the AZ31 alloy at the same total 
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strain amplitude, as shown in Fig. 2.15. Similarly, Yin and Li [148] compared the fatigue life 

of GW123K alloy with some RE-free wrought Mg alloys, e.g., AM60 [160], AZ31 [26], and 

Al-Mg-Sc alloy [161], and observed that the GW123K alloy exhibited decent low-cycle 

fatigue properties, where the relation between the strain amplitude and fatigue life can be 

described by Coffin-Manson and Basquin relations. Fu et al. [146] reported that the fatigue 

life of AZ91D+Ce alloy could be described by the Manson-Coffin law as well. It should be 

noted that a distinct kink point was observed in the fatigue curve of a RE-Mg alloy (GW83) 

[58], although some earlier studies also showed such a distinct kink point in the strain-life 

fatigue curves of extruded AZ31B and ZK60 Mg alloys [158,162]. 

 
Figure 2.15: Total strain amplitude-fatigue life curves for GW102K and AZ31 alloys [149]. 

 

2.6 Summary 

 

As a general consensus, the addition of RE elements can reduce the so-called unfavorable 

mechanical anisotropy and unwanted tension-compression yield asymmetry of Mg alloys. 

The microstructures, crystallographic textures, and tensile and compressive properties in 
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relation to the addition of RE elements have been previously reported. However, since RE-

Mg alloys are relatively new, very few data (mainly the stress-controlled fatigue) on the 

fatigue behavior of such Mg alloys have been reported in the literature. Thus, it is still far 

from our understanding on the cyclic deformation mechanisms related to the strain-controlled 

low cycle fatigue tests. Significant research efforts to understand the cyclic deformation 

behavior, stress response, and develop life prediction methodologies for the RE-Mg alloys 

are required. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

 

3.1 Test Materials 

 

Two rare-earth containing Mg alloys, GW103K and NZ30K alloys in the form of extruded 

bars for the current investigation were received from “The State Key Laboratory of Metal 

Matrix Composites”, School of Materials Science and Engineering, Shanghai Jiao Tong 

University, Shanghai, PR China. The chemical composition of both alloys is listed in Table 

3.1. The extrusion was performed at a die temperature of 400C via induction heating 

without holding (since the final extrusion temperature of 400C could be reached in a few 

minutes) with an extrusion ratio of 9:1 at an extrusion ram speed of 3 mm/s and a die angle 

of 60°. The entire process of heating and extrusion was completed within about 10 minutes 

and the extruded bars were then water quenched. For the sake of comparison, some 

compression and fatigue samples of RE-free extruded AM30 Mg alloy (with a composition 

of 3.4 wt.% Al, 0.33 wt.% Mn, 0.16 wt.% Zn, 0.0026 wt.% Fe, 0.0006 wt.% Ni, 0.0008 wt.% 

Cu and balance Mg) were also tested.  

 

Table 3.1: Chemical composition (in wt.%) of GW103K and NZ30K alloys. 

Alloy Gd Nd Y Zn Zr Mg 

GW103K 10 - 2.7 - 0.4 Balance 

NZ30K - 3 - 0.2 0.5 Balance 
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3.2 Heat treatment 

 

After extrusion the extruded bars were subjected to two types of heat treatment: (1) direct 

peak aging at 225°C (GW103K) and 200°C (NZ30K) for 16 h (T5 heat treatment), and (2) 

solution at 500°C (GW103K) and 520°C (NZ30K) for 2 h, then water cooling, followed by 

isothermally aging at 225°C (GW103K) and 200°C (NZ30K) for 16 h in an oil bath furnace 

(T6 heat treatment as shown in Fig. 3.1). These extruded, T5, and T6 heat treated bars were 

subsequently machined for tensile, compressive, and fatigue tests with the loading axis 

parallel to the extrusion direction (ED). 

 

 

  

  
 

 

 

 

 

 
 

 

 

Figure 3.1: T6 heat treatment procedure for the RE-Mg alloys. 
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3.3 Sample preparation and testing 

 

The metallographic and mechanical test samples are prepared according to the following 

procedures. 

 

3.3.1 Metallography 

 

All metallographic samples (approx. 5 mm × 5 mm in the cross section) for the 

microstructural characterization were cut from both GW103K and NZ30K alloy bars. 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 in and spraying ethanol, ultrasonically cleaning 

in ethanol, followed by drying with compressed air. After the final polishing with 0.05 m 

alumina paste (master prep), the polished samples were etched with Acetic-Picral (10 ml 

acetic acid, 4.2 g picric acid, 10 ml distilled water, and 70 ml ethanol) for GW103K alloys 

and with Vilella’s reagent (1 g picric acid, 5 ml HCl, and 100 ml ethanol) for NZ30K alloys 

to reveal the macroscopic structure (grain boundaries) of these alloys. 
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3.3.2  Quantitative image analysis  

 

Microstructural examinations were performed using an optical microscope (OM) equipped 

with Clemex quantitative image analysis software, scanning electron microscope (SEM) 

JSM-6380LV equipped with Oxford energy dispersive X-ray spectroscopy (EDS) system and 

three-dimensional (3D) surface/fractographic analysis capacity, and transmission electron 

microscope (TEM) JEM-2100 (location: Shanghai Jiao Tong University, Shanghai, PR China) 

operated at 200 kV. The average grain size was measured via linear intercept method. 

Overall at least 15 locations for each sample were examined and the average values will be 

reported in this report. The Clemex image analysis system was comprised of a Clemex CMT 

software adaptable to ASTM standards, a Nikon optical microscope (10× eye piece, five 

different object lenses with magnifications of 5×, 10×, 20×, 40×, and 100×), a high-

resolution digital camera, and a high performance computer to carry out the detailed analysis. 

 

3.3.3  Phase identification by X-ray diffraction 

 

Following the SEM analysis, a further verification of the phases formed was done via X-ray 

diffraction 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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3.3.4  Texture measurements by X-ray diffraction 

 

Texture measurements were performed on the as-received samples of both GW103K and 

NZ30K alloys. The polishing procedure was the same as the one employed for 

microstructural observations and image analysis but without etching. 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 MTEX software [163]. A set of five pole figures ({1010}, 

{0002}, {1011}, {11 2 0}, {1013}) were used to calculate the orientation distribution function 

(ODF) and to represent ODF, Bunge notations of the Euler angles (φ1 Φ φ2) were 

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

corrected using experimentally determined data obtained from the diffraction of Mg powders 

received from Magnesium Elektron. 

 

3.3.5  Tensile tests 

 

The sub-sized tensile samples in accordance with ASTM E8 standard [164] were machined 

with the loading axis parallel to the extrusion direction (ED). The sample geometry and 

dimensions are shown in Fig. 3.2. The samples had a gauge length of 25 mm (or a parallel 

http://enterprise.astm.org/filtrexx40.cgi?+REDLINE_PAGES/E8E8M.htm
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length of 32 mm) and a width of 6 mm. The thickness of the samples was 6 mm as well. The 

specimens were hand-ground progressively along the loading direction with 1/0, 2/0, 3/0, 4/0 

emery papers to remove the machining marks and to achieve a smooth surface. The gage 

section of fatigue samples was ground progressively along the loading direction with emery 

papers up to a grit number of 600 to remove the machining marks and to achieve a consistent 

surface. The tests were carried out using a computerized United tensile testing machine at a 

strain rate of 1×10
-4 

s
-1

 for both GW103K and NZ30K Mg alloys at room temperature. At 

least two samples were tested to ensure the reproducibility. The strain was measured using an 

extensometer with a gauge length of 25 mm. 

 

 

 

 

 

Figure 3.2: Geometry and dimensions of the sub-sized tensile/fatigue test specimens 

according to ASTM E8 [164]. 

 

The tensile properties, including 0.2% yield strength (YS), ultimate tensile strength (UTS) 

and percent elongation to failure (%El) were evaluated from the engineering stress-strain 

curves. The strain (or work) hardening exponent (n) and the strength coefficient (K) were 

determined using the Hollomon equation (σ = Kε
n
) by plotting log σ vs. log ε. 
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3.3.6  Compression tests 

 

The samples for compression tests were machined from the as-received bars of GW103K 

alloy according to the ASTM E9M standard [165]. All samples were machined with the 

compression axis parallel to the extrusion direction (ED) using a center lathe machine turned 

down to cylindrical samples. A schematic of the samples is shown in Fig. 3.3. Compression 

tests were carried out for GW103K Mg alloy using a computerized Instron machine at room 

temperature at a strain rate between 1×10
-1

 s
-1 

and 1×10
-4

 s
-1

. The deformed samples were cut 

along the compression axis diameter using a slow diamond cutter, cold-mounted, ground, 

polished, and etched to examine the evolution of microstructure during compression. It 

should be noted that in evaluating the stress-strain curves and strain hardening rates, the 

machine deformation was eliminated using a calibration curve to obtain the actual or net 

deformation of test samples. 

 

Figure 3.3: Specimen dimension for the compression tests, prepared according to ASTM E 

9M standards [165].  
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3.3.7  Volume fraction of twins 

 

In order to calculate the volume fractions of twins of the deformed samples from the 

compression tests a simple point counting procedure according to ASTM E562-11 standard 

[166] was used. The cutting and polishing procedure of the samples was the same as the one 

employed for microstructure analysis to examine the evolution of deformation twins during 

compression. Five digital micrographs were taken from each sample at a magnification of 

200×, and then a grid of 31 points by 39 points was superimposed on the images. The volume 

fraction was determined as a ratio of the number of points positioned within the twins to the 

total number of grid points.  

 

3.3.8  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) 

program at a constant strain rate of 110
-2

 s
-1

 and room temperature of 25°C. The tests were 

carried out in a strain control mode according to ASTM E606 standard [167]. Triangular 

strain waveform was applied during the tests. Low cycle fatigue 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 

http://www.astm.org/Standards/E562.htm
http://www.astm.org/Standards/E606.htm
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frequency of 50 Hz using sine waveform. The fracture surfaces of fatigued specimens were 

examined via scanning electron microscope (SEM) to identify fatigue crack initiation sites 

and propagation characteristics. The residual twins in the region near the fracture surface 

were observed as well. 

 

To study the effect of strain ratio on the low cycle fatigue behavior of the as-extruded 

GW103K 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. The varying strain ratio tests were performed in the same manner at a strain rate of 

110
-2

 s
-1

 and room temperature with triangular waveform loading as well. The test 

parameters used in the low cycle fatigue tests under different strain ratios at a constant 

amplitude of 0.8% and a strain rate 1×10
-2

 s
-1 

are listed in Table 3.2. After fatigue tests, the 

SEM equipped with an energy dispersive X-ray spectroscopy (EDS) system was used to 

examine the fatigue crack initiation sites and identify the mechanism of fatigue crack 

propagation under the above applied conditions. 

 

Table 3.2: Test parameters under different strain ratios at a 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 



 36 

CHAPTER 4 

DEFORMATION BEHAVIOR OF AN EXTRUDED GW103K ALLOY 

DURING COMPRESSION 

 

In contrast to the cubic metals, the deformation of Mg is fairly complex because its 

hexagonal close-packed (HCP) crystal structure has a limited number of active slip systems 

at room temperature, with basal slip and twinning playing a key role in the plasticity of Mg 

alloys [25,27]. Both basal slip and twinning mechanisms tend to align the c-axes of grains 

with the direction of predominantly compressive strains during forming (rolling, extrusion). 

In the Mg sheet and plate, the c-axes align with their normal direction; in the extrusion the c-

axes tend to align transversely to the extrusion axis. These forming processes would result in 

the presence of a strong preferred orientation or texture in Mg alloys. 

 

As mentioned earlier in section 1.1, it has recently been observed that Mg alloys containing 

RE elements can develop more random textures during hot extrusion [59]. The addition of 

RE elements in Mg alloys leads to a decrease of the overall texture sharpness allowing the 

activation of easy basal slip to a higher extent, compared to other RE-free wrought Mg alloys 

[59,60,61]. Furthermore, RE elements could result in the formation of a }1121{  texture 

component parallel to the extrusion direction [59,60,61]. In the presence of strong texture, 

wrought Mg alloys were prone to over-concentrated twinning-detwinning activities which 

may aggravate the cyclic deformation irreversibility and increase the propensity of crack 

initiation [25,27]. During cyclic deformation, the level of strain amplitudes applied at a strain 

ratio of R=-1 was normally limited to a maximum value of about 1~2% in both tensile and 
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compressive phases [25]. This would potentially limit the occurrence of twinning to its full 

capacity in the compressive phase during cyclic deformation. Although the addition of RE 

elements to Mg alloys offers the possibility of effectively improved mechanical properties 

via texture weakening, it remains unclear what role the RE elements play in the formation of 

twins and how the twinning develops beyond the above specific strain level, whether the 

detwinning would occur with increasing compressive strain, and how the twinning or 

detwinning affects the strain hardening behavior. This part of the dissertation was aimed to 

identify the deformation behavior of an extruded GW103K alloy in compression along the 

extrusion direction at different strain levels, with special attention to the effect of the RE 

element addition on the twin formation. 

 

4.1 Microstructure and texture 

 

Fig. 4.1(a) shows a typical optical image on the microstructure of GW103K alloy in the as-

extruded condition where the ED is indicated. For the sake of comparison, the microstructure 

of an extruded AM30 Mg alloy is shown in Fig. 4.1(b) as well. It is seen that uniform 

equiaxed grains with an average grain size of about 12 μm were obtained in the GW103K 

alloy (Fig. 4.1(a)) due to the occurrence of dynamic recrystallization (DRX) in the hot 

extrusion process at 400C, which is fairly small in comparison with AM30 alloy (Fig. 

4.1(b)). This was due to the role of added RE elements and zirconium (Zr) where Zr mainly 

restricted the grain growth [95]. A similar role of grain refinement by RE elements, e.g., 

gadolinium [168], yttrium [169], cerium [170], neodymium [44,171], erbium [172], has been 

reported as well. 
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Figure 4.1: Microstructures of extruded (a) GW103K and (b) AM30 alloy. 

For example, an addition of Gd to AZ31 alloy resulted in the formation of Al2Gd (which was 

still present after homogenization), and it played an important role in refining the grain size 

and improving the rolling capability of the alloy [168]; the cerium exhibited a good grain 

refinement effect on the as-cast AZ31 alloy [170]; and remarkable grain size refinement of 

Mg-1.5Zn-0.1Zr alloy with an addition of erbium was observed through recrystallization 

during the rolling process [172]. Besides, as seen from Fig. 4.1 no twins were visible in the 

un-deformed samples. Fig. 4.2(a) shows a typical SEM image of as-extruded sample where it 

contained three different phases as identified by He et al. [57]: α-Mg solid solution matrix 

phase with supersaturated Gd+Y elements, (Gd+Y)-rich eutectic compound, and 

intracrystalline Zr-rich cores. By means of EDS point analysis, the content at points A, B, 

and C of Fig. 4.2(a) was estimated to be 81.7% Mg-4.9% Y-13.4% Gd, 62.5% Mg-6.1% Y-

31.1% Gd, and 32.4% Mg-67.6% Zr, respectively. Similar observations have been reported 

for as-cast samples of Mg-7Gd-3Y-0.4Zr (GW73K) alloy by Liang et al. [111], cast Mg-

10Gd-3Y-Zr alloy by Wang et al. [112], as-extruded Mg-11.90Gd-0.81Y-0.44Zr alloy by 

Zhang et al. [113]. In addition, EDS line scan was performed as shown in Fig. 4.2(b) and Fig. 

ED
a) 

(a)
) 

(b) 

ED
a) 
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4.2(c) which also confirmed the presence of RE-rich particles in the as-extruded alloy, where 

the middle rectangle-like particle contained both Gd and Y. Such RE-enrichment particles 

were also observed via TEM which was operated in a microdiffraction mode, as shown in Fig. 

4.3(a). Electron microdiffration pattern in Fig. 4.3(b) shows the structure of the particle 

which was identified as cuboid-shaped (RE-rich) particles (face-centered cubic, fcc with a = 

0.56 nm). Similar results were reported in a Mg-10Gd-2Y-0.5Zr alloy [57]. 

  

 
Figure 4.2: (a) SEM backscattered electron image indicating EDS point analysis locations 

(A, B, and C), (b) SEM backscattered electron image indicating EDS line scan position, and 

(c) the corresponding EDS line scan results in the GW103K alloy. 
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Figure 4.3: Transmission electron micrographs of the as-extruded GW103K alloy: (a) 

bright-field image taken along [001] zone axis of particle A, and (b) [001] zone axis 

microdiffraction pattern recorded from particle A. 

Fig. 4.4 shows a basal texture where the reflecting surface was parallel to the extrusion 

direction (ED) and the radial direction (RD). A basal plane fiber texture was observed, where 

the c-axis of most grains was aligned perpendicular to the ED. The peak intensity of the basal 

plane split to a few degrees around the surface normal direction and some grains with about 

half of the maximum basal intensity were oriented toward the RD. The presence of such a 

weaker texture was another benefit of the RE elements added into Mg alloys, as also reported 

by Stanford and Barnett [60] who observed that microalloying with RE elements can weaken 

the extrusion texture. A similar weaker texture in Mg-based alloys with the addition of RE 

elements was reported [114]. In the current GW103K alloy, grain boundary nucleation, 

coalescence of low-angle boundaries and shear band assisted nucleation are absent (as seen 

in Fig. 4.1). Zhu et al. [114] reported that only particle-stimulated nucleation was considered 

to be a factor influencing texture weakening. Indeed, Humphreys [173] observed that the 

(b)
) 

(a)
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high RE content and mixed addition resulted in the precipitation of a large number of the 

second-phase particles. Such precipitates can hinder the movement of the dislocations so that 

the stress could concentrate easily near the precipitates, which promoted the particle-

stimulated nucleation of dynamic recrystalliazation, and weaken the basal texture. In addition, 

the weakening of the texture was also associated with the appearance of deformation bands 

containing twins and the restriction of grain growth [120]. 

 
 

Figure 4.4: (0001) pole figure of as-extruded GW103K alloy, where ED stands for the 

extrusion direction and RD indicates the radial direction. 

 

4.2 Uniaxial compression behavior 

 

The stress-strain curves of the extruded GW103K alloy during compression along the ED are 

shown in Fig. 4.5(a), where the stress-strain curves of several samples deformed at varying 

amounts of strain are plotted together to show the reproducibility of the compression tests. 

An average compressive yield strength of 232±4 MPa was obtained from the multiple tests, 

which was higher than the tensile yield strength of 219 MPa for a Mg-10Gd-2Y-0.5Zr alloy 

[57]. While the tensile percent elongation of Mg-10Gd-2Y-0.5Zr alloy (extruded at 400C) 

RD 

ED 
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[57] was higher than the compressive percent shortening of the present as-extruded GW103K 

alloy, the ultimate compressive strength of the present alloy (493 MPa) was significantly 

higher than the ultimate tensile strength (305 MPa) of Mg-10Gd-2Y-0.5Zr alloy [57]. This 

might be attributed to the favorable role of one more percent yttrium added, while all other 

elements remained the same. Furthermore, in comparison with the compressive test results of 

an extruded AM30 alloy [36], the extruded GW103K alloy had both higher ultimate 

compressive strength and ductility (as indicated by the compressive percent shortening). In 

particular, the as-extruded GW103K alloy exhibited over three-fold higher compressive yield 

strength than the extruded AM30 alloy, i.e., 232 MPa vs. 71 MPa [36]. Again this reflected 

the significant beneficial effect of RE elements added into Mg alloys. Furthermore, unlike 

the sigmoidal (S-shaped) hardening curves observed in the twinning-dominated deformation, 

such as in the extruded AM30 Mg alloy [36], the compressive stress-strain curves in Fig. 

4.5(a) showed roughly a parabolic-like hardening, indicating a likely change in the 

deformation mechanisms from the twinning-dominated deformation to the slip-dominated 

deformation.  

 

To better understand the deformation behavior of the present alloy, the strain hardening rate 

d/d (where  is true stress) with respect to true strain  from the specimen tested until 

failure is presented in Fig. 4.5(b) along with the RE-free AM30 extruded Mg alloy [36].  
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Figure 4.5: (a) Compressive stress-strain curves and (b) strain hardening rate as a function 

of true strain of as-extruded GW103K alloy in the extrusion direction tested at a strain rate 

of 10
-3
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Three stages of strain hardening in the extruded GW103K alloy could be distinguished from 

Fig. 4.5(b). Stage A was characterized by a rapidly decreasing strain hardening rate from the 

onset of plastic deformation up to a strain of ~4%, followed by stage B with a fairly flat and 

almost linear strain hardening rate over a large range of strain up to ~18%, and then stage C 

with an decreasing strain hardening rate again until failure. Three stages of strain hardening 

rate have been reported by Sarker and Chen [36] where stage A and stage C had a falling 

trend, as observed in the present study as well. However, as seen from Fig. 4.5(b), the value 

of strain hardening rate in stage A was much higher in the present extruded GW103K alloy 

than in the extruded AM30 alloy; stage B of the AM30 Mg alloy was totally different from 

that of the present alloy. Similar trend in the strain hardening rate to the GW103K alloy has 

also been observed in extruded Mg-Y-Nd alloy [174] and ZK60 Mg alloy [175], where the 

strain hardening rate started with a similarly steep decrease at small strains and then 

approached a linear/steady state with a very low value over a large range of strain. The 

significant difference in the strain-hardening rate in stages A and B between the present 

extruded GW103K and AM30 alloys could be understood on the basis of the amount of twins 

formed during compression and the subsequent interactions between twin and twin, twin and 

dislocation, twin-precipitate, etc., which will be discussed in the following section. 

 

4.3 Strain hardening behavior 

 

To understand the strain hardening behavior, the deformation characteristics of the samples 

compressed to different amounts of strain were examined. Fig. 4.6 shows the change of twin 

volume fraction with the applied compressive strain, together with some typical images 
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showing the visual change of twins. It is seen from image (a) in Fig. 4.6 that at a compressive 

strain of =0.9%, no twins were visible, whereas at =3.2% a very small number of twins 

were observed in some grains (image (b) in Fig. 4.6). The twins formed during compression 

in the extruded Mg alloys along the ED direction has been identified as  extension 

twins in a number of publications [36,114]. At a strain of =7.7%, more twins were observed 

in more grains (image (c) in Fig. 4.6). When the specimen was deformed at a compressive 

strain of =12.3%, the twin volume fraction reached its maximum of ~0.04 (image (d) in Fig. 

4.6). In addition, Fig. 4.7 shows the typical SEM micrographs at strain levels of 3.2%, and 

12.3%, respectively. It is obvious that the compressive deformation at a strain of 12.3% 

resulted in more twins than that at a strain of 3.2%. 
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Figure 4.6: Variation of the volume fraction of twins with the applied strain during 

compression in the as-extruded GW103K alloy, where some typical micrographs at different 

strain levels are inserted to show the evolution of deformation twins. 

  
 

Figure 4.7: Typical SEM micrographs of as-extruded GW103K alloy deformed in 

compression at a strain level of (a) 3.2%, and (b) 12.3%. 

 

4.4 Effects of RE elements on strain hardening 

 

Plastic deformation of Mg alloy is mainly determined by the HCP structure and strongly 

affected by the crystallographic texture. Thus, crystallographic texture would be one of the 

key factors influencing the deformation behavior of GW103K alloy. As the orientation of 

each grain changes, the combination of active slip system changes [176,177]. When a change 

of active slip systems occurs, the flow stress will rise which change the hardening [177]. 

Most grains re-orient to a stable orientation so that the effect of flow stress would be 

expected to saturate and not lead to any new strain hardening at very large strains. As the 

addition of RE elements offers an avenue to control or change the crystallographic texture, it 

(a)
) 

(b)
) 
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would thus affect the slip and twinning systems and change the deformation behavior. It was 

observed that, in the case of a weak basal texture (Fig. 4.4), it is expected that <a> 

dislocation slip with a relatively low critical resolved shear stresses (CRSS) would contribute 

more to accommodate the deformation and twin formation will be more difficult [123]. Table 

4.1 lists a summary of CRSS values reported for Mg and its alloys. Clearly, twinning has 

much lower CRSS than basal slip. For example, as compared to the CRSS of basal slip (45 

MPa), twinning has three times lower CRSS (15 MPa), and prismatic slip has two to three 

times higher CRSS [178]. Moreover, Hantzsche et al. [120] reported that the deformation 

texture changes at a higher Y content, which is related to an increasing activity of <c+a> 

slip and thus can also reflect in the twinning activity. There is a general agreement that a 

smaller grain size inhibited twinning [179] or grain size had a significant effect on the 

tendency of twinning since the energy required to form twin interfaces is particularly high in 

Mg [180]. Finer grains, which have a higher surface-to-volume ratio, increase the difficulty 

of twin nucleation and thereby suppress twinning by limiting the sizes of the twins [181]. The 

addition of RE elements and Zr in the present GW103K alloy led to a fairly fine grain size, as 

seen from Fig. 4.1. Thus in the present as-extruded GW103K alloy, the grain size would be 

another important factor influencing the incidence of deformation twinning. It was also 

reported that it is common for the twinning stress to increase with decreasing grain size more 

rapidly than the stress required to activate slip [182]. As a result, the formation of 

deformation twins was more difficult in the GW103K alloy as compared with AM30 alloy 

[36] due to the grain refinement role of RE elements as mentioned in the above section 4.1. 

In addition to the effect of texture and grain size, the presence of precipitates has also been 
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reported to impede the process of twinning in Mg alloys [183]. The details of this mechanism 

will be discussed in following chapter (Chapter 6). 

Table 4.1: Critical resolved shear stresses (CRSS) reported for Mg and its alloys. 

Samples Condition/Experimental Invariant plane CRSS 

(MPa) 

Ref. 

Mg single crystal/tensile 
{10-12} 2 

184 
prismatic 39.2 

Mg-Li  single crystal {10-11} 114 185 

Mg  
single crystal 

/compression 
{10-11} 76-153 186 

Mg-3Al-1Zn compression 

*
basal 

:{10-12} 

:<c+a> 

:prismatic 

*
1 

:0.3 

:2.9 

:2.4 

187 

Mg  single crystal basal 0.81 188 

AZ31B polycrystal 

basal 45 

178 {10-12} 15 

prismatic 110 

Mg 7.7 at. pct 

Al 
polycrystal {10-12} 65-75 189 

*
Note: CRSS ratio. 

It was reported that at large compressive strains the spacing between the second-phase 

decreased [176]. If the second-phase is hard enough to block the dislocation flow or twinning 

in the matrix, the mean free path for dislocation motion and twinning decreases strongly with 

strain and leads to rises of the flow stress by the Hall-Petch effect, thus contributing to the 

strain hardening [176,179]. In addition, strain hardening is by nature associated with elastic 

and inelastic incompatibilities between matrix and particles during plastic deformation. The 
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direction of this resistance is opposite to the applied stress, and therefore opposes the bulk 

slip and twinning, contributing to the overall strain hardening as well. Furthermore, the 

plastic relaxation of the matrix at the RE particle interface could create both deformation 

twins and a high local dislocation density, which are obstacles to the moving dislocations, 

and would also affect the strain hardening [190]. Similar result regarding the effect of 

second-phase particles on the strain hardening has also been reported in ref. [120]. Therefore, 

the presence of RE-containing particles in conjunction with finer grain sizes and weaker 

texture is responsible for the much higher strain hardening rate in stage A in the GW103K 

alloy (Fig. 4.5(b)), due to the increased difficulty on the slip of dislocations and the formation 

of twins. 

 

The concept of dislocation hardening could also be used to explain the linear portion in stage 

B of the strain hardening rate curve of GW103K alloy, as shown in Fig. 4.5(b). Several 

models have been proposed to explain stage B (in some studies which is referred to as stage 

IV) [177,191-193]. It was reported that stage B might be associated with microscopic 

instabilities such as microbands commonly observed at large strains in copper [191]. The cell 

model proposed by Nix et al. [193] indicated that plastic straining at low temperatures leads 

to the accumulation of dislocation debris such as dipoles and loops. The accumulation of 

dipolar debris may occur as part of the glide process and it may also occur as part of the 

dislocation rearrangements due to dynamic recovery [192]. However, the rate of dislocation 

rearrangement inside the cell walls is expected to be affected by the debris left and would 

have forward internal stresses within the cell walls that lead to rearrangement or even 

annihilation of dislocation segments in this region. If the effect of the accumulating is to raise 
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the flow stress within the cell walls of the dislocation substructure, then superposition of flow 

stress would contributed in hardening and ultimately leads to a finite hardening rate in stage 

B (fairly flat linear or sometimes constant). Similar observations of stage IV or stage B in 

different extruded Mg alloys were reported in several studies [174,175]. The above 

discussion indicated that the addition of RE elements was able to affect significantly the 

deformation behavior of the extruded Mg alloys by predominantly suppressing the twinning 

due to the finer grain size, the relatively more random crystallographic texture, and the 

presence of RE-containing precipitates. However, more studies related to the dislocation-twin 

interactions, twin-particle interactions, twin-grain boundary interactions from both 

experimental and modeling/theoretical aspects are needed. 

 

4.5 Summary 

 

The following conclusions can be drawn from this investigation: 

1. A rapidly decreasing strain hardening rate up to a strain level of ~4% (stage A), followed 

by a fairly flat linear strain hardening rate over an extended strain range from ~4% to ~18% 

(stage B) was observed.  

2. Stage C was represented by a decreasing strain hardening rate just prior to failure. The 

amount of twins observed in the as-extruded GW103K alloy was much less extensive than 

that in the RE-free extruded AM30 Mg alloy.  

3. The weaker crystallographic texture, refined grain size, and RE-containing second-phase 

particles were likely responsible for the much higher strain hardening rate in stage A in the 
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as-extruded GW103K alloy due to the increased difficulty on the formation of twins and 

the slip of dislocations at lower strains. 

4. The occurrence of fairly flat linear strain hardening rate in stage B at higher strains was 

likely associated with the presence of dislocation debris and twin debris (or residual twins) 

resulting mainly from dislocation-twin interactions as well as the interactions between the 

dislocations/twins and RE-rich particles and grain boundaries.  
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CHAPTER 5 

A MODIFIED JOHNSON-COOK CONSTITUTIVE RELATIONSHIP 

FOR A RARE-EARTH CONTAINING MAGNESIUM ALLOY 

 

To understand the deformation behavior of Mg alloys in a varying range of strain rates and 

temperatures, it is necessary to develop constitutive relationships related to the stress, strain, 

temperature and strain rate [194,195], which are also important in designing the load-bearing 

structural components [196]. Ideally, such equations should involve a reasonable number of 

material constants that can be evaluated using limited experimental data and should be able 

to represent the flow behavior of the material with sufficient accuracy [197]. Several 

empirical, semi-empirical, and physically based flow stress models have been proposed to 

predict the constitutive behavior of metals and alloys [198-202]. For example, Johnson-Cook 

equation [199,201] was successfully used over a wide range of strain rates and forming 

temperatures for body-centered cubic (bcc) and face-centered cubic (fcc) metals due to its 

simple multiplication form [203,204]. Another model (Zerili-Armstrong model [200]) which 

is a modified version of Johnson-Cook model was also used. It has also been reported that 

the Johnson-Cook equation could be used to study the plastic response of not only bcc or fcc 

metals but also hcp metals [196]. Hou and Wang [196] performed the dynamic impact tests 

of an extruded Mg-10Gd-2Y-0.5Zr alloy using a split Hopkinson pressure bar apparatus at 

high strain rates in-between 810
2
 s

-1
 and 410

3
 s

-1
 at varying temperatures in comparison 

with a quasi-static compression test, and proposed an empirically based model by changing 

the temperature term in the original Johnson-Cook model based on their experimental results. 

Liu et al. [205] also studied the high strain rate compression behavior and proposed a 
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constitutive relation using the modified Johnson-Cook model for the dynamic deformation 

behavior of an extruded Mg-12Gd-3Y-0.5Zr alloy. In spite of these reports on the high strain 

rate deformation behavior, the studies on the constitutive relationships of wrought Mg alloys 

are still limited [194,206,207], and especially it is unknown what constitutive equation would 

be suitable for describing the flow behavior of RE-Mg alloys based on the more commonly 

used low strain rate deformation tests. This part of the dissertation was aimed to study the 

deformation behavior of an extruded GW103K in compression at relatively low strain rates, 

and explore a constitutive relation to quantify its deformation behavior from a different angle, 

i.e., based on the Johnson-Cook equation and a recently adopted strain hardening method. 

 

5.1 Compression test  

 

A typical engineering stress-strain (-) curve of the as-extruded GW103K alloy in 

compression along the ED is shown in Fig. 5.1, where the curve of a RE-free extruded AM30 

Mg alloy [108] is plotted as well. It is seen that the present RE-containing alloy had an 

appreciably higher compressive yield strength, indicating a significant favorable role of RE 

elements added into Mg alloys. Also, the - curve of the present alloy appeared to be 

normal, unlike the skewed shape of AM30 curve that was attributed to the occurrence of 

extensive twinning in the initial stage followed by the twin growth phenomena stemming 

from the strong twin-dislocation interactions, leading to an texture transformation in the RE-

free extruded magnesium alloy in compression [108]. The attempt of this part of the 

dissertation was thus limited to establish a constitutive relationship for the RE-containing Mg 
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alloys in compression, leaving an apparently more complicated constitutive relationship of 

RE-free extruded Mg alloys for further studies. 

 

Figure 5.1: Compressive stress-strain curves of the extruded GW103K alloy and RE-free 

AM30 alloy [108]. 

 

5.2  Constitutive model 

 

Johnson and Cook [199,201] proposed an empirically based constitutive model for materials 

subjected to large strains, high strain rates and high temperatures which has become one of 

the most widely-used strain-rate dependent flow stress models. This model is comparatively 

simpler than other models since the effects of strain, strain rate, and temperature on the 

plastic deformation of the materials are simply incorporated in a multiplication form 

[196,199,201]. According to the original Johnson-Cook model the flow stress could be 

expressed as follows [199,201], 
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where σ is the flow stress of material,   is the applied strain rate, o  is a reference strain rate, 

A, B, C, n and m are material constants. *T can be expressed as follows, 

  
rm

r

TT

TT
T




* , (5.2) 

where T is the current absolute temperature, Tr is room temperature, and Tm is melting 

temperature. It is clear that this model combines the effects of strain rate, strain hardening, 

and thermal softening in a single equation. While the Johnson-Cook model was mainly used 

to describe the deformation behavior of materials at high strain rates and high temperatures 

[196,208], it could be extended to describe the flow behavior of materials in the quasi-static 

tensile tests at relatively low strain rates [209]. It is thus inferred that the flow behavior of 

common materials could also be described by a modified Johnson-Cook model. In the 

present study the Johnson-Cook model was used as a starting point to construct the 

constitutive relationship for the RE-containing Mg alloy. Since the present tests were 

performed at room temperature, equ.(5.1) could be simplified as, 

    











o

n CBA








ln1 . (5.3) 

To quantify better the stress response, the method proposed by Afrin et al. [99] is used in the 

present formulation. In their method [99] the yield point was excluded in the determination 

of strain hardening exponent and coefficient, i.e., the terms of ( - y) and ( - y) were used 

to replace the true stress  and true strain  in the Hollomon relationship, where y is the 

yield stress and y is the yield strain. Equ.(5.3) then becomes, 



 56 

     











o

n

y CBA








ln1

* , (5.4) 

where 
*n  is a modified strain hardening exponent. This becomes a generalized constitutive 

equation used to describe the strain rate dependent flow stress at room temperature, but it 

requires the determination of several material constants. The steps of how to determine the 

constants for a particular material are specified below. The first step is to select a reference 

strain rate o  
and calculate the flow stress at this specific strain rate. Then equ.(5.4) becomes, 

      *n

yoo B    , (5.4a) 

where )( oo   (=A) is the yield stress of the material at the reference strain rate o . 

Rearranging and taking log of equ.(5.4a) yields, 

      yoo nB   logloglog * . (5.4b) 

B and 
*n can thus be obtained via plotting and fitting   oo  log

 
vs.  y log  over 

the range from the yield stress to the peak true stress at the reference strain rate. The second 

step is to evaluate parameter C in equ.(5.4) when the strain is the yield strain 
y . In this case 

equ.(5.4) can be simplified as, 

   
  ooo

C















ln1 . (5.4c) 

Using the yield stress data at different strain rates, C can be obtained from the slope of 

 
  








1

oo 






 vs. 

o






ln  plot. Substituting all the parameters (A=  oo   , B, 

*n , and C) into 

equ.(5.4) one can obtain the constitutive relationship for a specific material. 
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5.3  Model validation 

 

In the present study a reference strain rate of 1×10
-3

 s
-1 

is selected, which is in reference to 

the ASTM E8/E8-11 standard [164] where a strain rate of 2.5×10
-4

 s
-1 

for determining the 

yield strength and 0.83~8.33×10
-3

 s
-1 

for
 
the tensile strength is specified. Using the true 

stress-strain curve of the present RE-containing Mg alloy measured at this reference strain 

rate following equ.(5.4(b)), B and 
*n can be determined to be 537 and 0.56, respectively. The 

value of C can be obtained to be 0.0063 by a linear fitting following equ.(5.4c), using the 

yield stresses at different strain rates (from 1×10
-1

 s
-1 

to 1×10
-4

 s
-1

). Inserting all the values of 

the parameters into equ.(5.4) yields a constitutive relationship for the present GW103K alloy 

as follows, 

     











o

y








ln0063.01537226

56.0 . (5.5) 

The true stress-true strain curves calculated from equ.(5.5) are plotted in Fig. 5.2(a-d), in 

comparison with the experimentally-determined true stress-true strain curves at different 

strain rates and with an expression given in ref. [205] for a Mg-12Gd-3Y-0.5Zr (GW123K) 

Mg alloy. Several commonly-used flow stress equations: 

  nK  , Hollomon [210], (5.6a) 

  1

1

n

y K   , Ludwik [211], (5.6b) 

    ** n

yy K   , Afrin et al. [99], (5.6c) 

have also been plotted in Fig. 5.2. The parameters obtained for the present RE-containing Mg 

alloy tested at different strain rates based on equ.5.6(a-c) are listed in Table 5.1.  

http://enterprise.astm.org/filtrexx40.cgi?+REDLINE_PAGES/E8E8M.htm


 58 

  

 
Figure 5.2: Comparison of the calculated true stress-strain curves of the extruded GW103K 

alloy with those experimentally determined at different strain rates of (a) 0.1 s
-1

, (b) 0.01 s
-1

, 

(c) 0.001 s
-1

, and (d) 0.0001 s
-1

(continued.).  
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Figure 5.2: Comparison of the calculated true stress-strain curves of the extruded GW103K 
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To examine the accuracy of the modified Johnson-Cook equation, the relative errors between 

the predicted flow stress (
p ) and measured flow stress ( m ), 

  %100



m

mp
error




, (5.7) 

were calculated at different values of true strains and strain rates, as shown in Table 5.2. It is 

seen from Fig. 5.2 and Table 5.2 that the present modified Johnson-Cook constitutive 

equation is in good agreement with the experimental data that appears better than other 

common flow stress equations and could provide a fairly good estimation of the flow stresses 

for the present RE-containing magnesium alloy with a standard deviation of 1.83%. 

Moreover, the mean difference between the calculated and experimental flow stress are -

1.82%, -0.07%, and 1.66% for true strain of 5%, 10%, and 14%, respectively. It is seen that 

the modified Johnson-Cook constitutive equation  

 

Table 5.1: The material constants in the equations of Hollomon [210], Ludwik [211], and 

Afrin et al. [99] for the flow stress curves at different strain rates. 

Strain rate, s
-1

 

Hollomon [210], 

nK   

Ludwik [211], 

1

1

n

y K    

Afrin et al. [99], 

  ** n

yy K    

K, MPa n K1, MPa n1 K*, MPa n* 

1×10
-1

 589 0.21 1202 0.96 579 0.59 

1×10
-2

 608 0.22 1187 0.93 605 0.58 

1×10
-3

 589 0.21 866 0.82 543 0.56 

1×10
-4

 599 0.22 1206 0.95 640 0.62 
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Table 5.2: A comparison between the predicted (
p ) and measured ( m ) flow stress values.  

Absolute value 

of  

true strain, % 

Strain rate, 

s
-1

 

Measured flow 

stress ( m ), 

MPa 

Predicted flow 

stress (
p ), 

MPa 

Relative 

error, % 

Mean 

error (%) 

5 

1×10
-1

 318 316 -0.63  

1×10
-2

 319 312 -2.19 -1.82 

1×10
-3

 316 310 -1.90  

1×10
-4

 313 305 -2.56  

10 

1×10
-1

 365 371 1.64  

1×10
-2

 367 366 -0.27 -0.07 

1×10
-3

 363 362 -0.28  

1×10
-4

 362 357 -1.38  

14 

1×10
-1

 391 405 3.58  

1×10
-2

 393 399 1.53 1.66 

1×10
-3

 390 395 1.28  

1×10
-4

 387 388 0.26  
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5.4 Summary 

 

The following conclusions can be drawn from this investigation: 

 

1. The deformation behavior of a RE-containing Mg alloy in compression at different strain 

rates was evaluated, and a modified Johnson-Cook constitutive equation was proposed to 

predict the flow stresses. 

2. Comparisons between the predicted and experimental results, along with some 

commonly-used flow stress equations, confirmed that the modified Johnson-Cook 

constitutive equation was able to estimate the flow stresses for the RE-containing Mg 

alloy fairly accurately with a standard deviation of about 1.83%. 
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CHAPTER 6 

CYCLIC DEFORMATION BEHAVIOR OF EXTRUDED GW103K 

ALLOY 

 

As mentioned earlier in Chapter 1 and 2, the unfavorable tension-compression yield 

asymmetry could be altered due to the RE elements additions, however, the potential 

advantage of such extruded RE-Mg alloys as structural components under dynamic cyclic 

loading condition has not yet been well explored. Studies on the strain-controlled low cycle 

fatigue behavior of RE-Mg alloys remain limited to date [58,147-149]. It is unclear how and 

to what extent the RE-elements can change the tension-compression yield asymmetry which 

generally occurs in the RE-free extruded Mg alloys, whether RE-Mg alloys exhibit cyclic 

hardening or softening, and via what mechanisms the RE-elements affect the cyclic 

deformation behavior and fatigue life. In addition, to the author’s knowledge, no systematic 

studies have been conducted to understand the effect of heat treatment conditions on the low 

cyclic fatigue behavior of RE-containing Mg alloys in the open literature. Also, it has not 

been fully understood how the cyclic deformation and low cycle fatigue resistance change 

due to heat treatment, whether the heat-treated RE-Mg alloy exhibits cyclic hardening or 

softening, and what is the effect of the heat treatment on the tension-compression yield 

symmetry. Thus, the objectives of this part of the dissertation was to identify the cyclic 

deformation behavior of extruded GW103K alloy subjected to varying heat treatment 

procedures, and determine the fatigue life under varying strain amplitudes, with particular 

attention to the effect of the RE element addition on the twin formation and twin-particle 

interaction. 
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6.1 Microstructure 

 

6.1.1  As-extruded GW103K alloy 

 

Fig. 6.1 shows typical optical micrographs and SEM back-scattered electron images of 

GW103K alloy in different states (as-extruded, T5, and T6). It is seen from Fig. 6.1(a) that 

uniform equiaxed grains with an average grain size of about 12 μm were obtained in as-

extruded sample due to the occurrence of dynamic recrystallization (DRX) in the hot 

extrusion process at 400°C. As reported earlier in Chapter 4, the grain size of as-extruded 

sample was fairly small in comparison with the common extruded Mg alloys, such as AZ31 

and AM30 [25-28,35,36,97,108]. Fig. 6.1(b) shows a typical SEM back-scattered electron 

image of as-extruded sample where several RE containing particles can be seen. By means of 

EDS point analysis, the content at points A, B, and C of Fig. 6.1(b) was estimated to be 57.8% 

Mg-17.5% Y-22.5% Gd-2.2% Zr, 79.3% Mg-5.2% Y-15.0% Gd-0.5% Zr, and 84.9% Mg-3.1% 

Y-11.7% Gd-0.3% Zr (in wt.%), respectively. A similar type of microstructures was also 

reported in the RE containing extruded Mg alloys in the literature, e.g., Mg-11.90Gd-0.81Y-

0.44Zr alloy by Zhang et al. [113], Mg-10Gd-3Y-0.5Zr by Liu et al. [212], and Mg-10Gd-

3Y-0.5Zr and Mg-10Gd-3Y-1.0Zn-0.5Zr alloys by Liu et al. [87]. In addition, EDS line scan 

was performed as shown in Fig. 6.2(a) and Fig. 6.2(b) which also confirmed the presence of 

RE-rich particles in the as-extruded alloy, where all the regular (squared, rectangular, etc.) 

shaped particles contained all three major alloying elements of Gd, Y, and Zr. 
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Figure 6.1: Microstructures (left optical micrographs and right SEM back-scattered electron 

images) of the GW103K alloy in the (a) and (b) as-extruded, (c) and (d) T5, and (e) and (f) 

T6 states. 
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Figure 6.2: SEM back-scattered electron images indicating EDS line scan positions and the 

corresponding EDS line scan results of GW103K alloy the (a) and (b) as-extruded, (c) and (d) 

T5, and (e) and (f) T6 conditions. 
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6.1.2  T5 heat treated GW103K alloy 

 

The optical and SEM back-scattered electron images of T5 alloy are shown in Fig. 6.1(c) and 

Fig. 6.1(d). The average grain size of the T5 alloy was about 25 μm which was almost 

doubled in comparison with the as-extruded alloy, which indicates grain growth in the aging 

process at 225°C for 16 h. Similar to the as-extruded alloy, RE-rich particles can also be seen 

from Fig. 6.1(d). By means of EDS point analysis, the contents at points A and B of Fig. 

6.1(d) were estimated to be 69.2% Mg-17.3% Gd-13.2% Y, and 88.0% Mg-1.2% Y-9.7% 

Gd-1.2% Zr (in wt.%), respectively. It is clear from the point analysis that the particles in the 

T5 alloy had more or less the same composition as those in the as-extruded alloy. The EDS 

line scan was also conducted to confirm the presence of RE-rich particles as shown in Fig. 

6.2(c) and Fig. 6.2(d). However, as seen from Fig. 6.2(d) the intensity of Zr-rich particles 

(irregular shaped particles as shown in Fig. 6.2(c)) seemed to be higher as compared to the 

regular RE-rich particles in the T5 alloy due to the aging process. Wang et al. [213] also 

reported that the square-shaped second phase particles were mostly rich with Gd and Y and 

round-shaped second phase particles were rich with Zr, which actually concurred with the 

results of the GW103K alloy in both as-extruded and T5 states. 

 

6.1.3  T6 heat treated GW103K alloy 

 

Fig. 6.1(e) and (f) show the microstructures of T6 alloy. As shown in Fig. 6.1(e), the average 

grain size became about 92 μm which was almost four times larger than that in the T5 alloy, 

which indicates a marked grain growth due to the solution treatment at 500°C for 2 h. Similar 
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grain growth has been reported for Mg-10Gd-3Y alloy in the T4 and T6 conditions by Dong 

et al. [102] and Liu et al. [103]. It can also be seen from Fig. 6.1(f) that relatively fewer 

particles were present in the T6 state as compared with the as-extruded and T5 states. The 

contents at points A and B of Fig. 6.1(f) were estimated to be 12.8% Mg-45.8% Gd-40.5% 

Y-1% Zr, and 67.7% Mg-12.3% Y-18.7% Gd-1.3% Zr (in wt.%), respectively. The EDS line 

scan results (Fig. 6.2(e) and Fig. 6.2(f)) shows that mainly round shaped particles containing 

more Zr appeared in the T6 state. Similar observations were also reported by Wang et al. 

[213]. Based on the Mg-Gd phase diagram [69,214] and Mg-Y phase diagram [215], only 

one single phase solid solution should appear in the Mg-10Gd-3Y-0.5Zr (GW103K) alloy 

during solution treatment at 500°C. It was reported that the solubility of Gd and Y in Mg at 

500°C was about 20 wt.% and 10 wt.%, respectively [69,215], whereas the solubility of Zr in 

Mg was very limited [216]. This suggests that most of the Gd and Y particles could be 

dissolved into the matrix during the solution treatment at 500°C for 2 h as seen from Fig. 

6.2(f), leaving a relatively high Zr-rich particles (round shaped particles in Fig. 6.2(e)) and 

more discernible Zr peaks (Fig. 6.2(f)). In addition, RE-enrichment particles were also 

identified by three zone-axis electron microdiffraction patterns via TEM in the T6 alloy, as 

shown in Fig. 6.3. Electron microdiffration pattern in Fig. 6.3(b) indicates the structure of 

particle A in Fig. 6.3(a) which was identified as a cuboid-shaped (RE-rich) particle (face-

centered cubic, fcc with a=0.56 nm). Similar results were reported in the cast-T6 samples of 

Mg-10Gd-2Y-0.5Zr alloy by He et al. [57], cast T6 samples of Mg-4Y-2Nd-1Gd-0.4Zr alloy 

by Liu et al. [107], and Mg-9Gd-2Er-0.4Zr alloy after solution treatment by Wang et al. 

[217]. Fig. 6.3(c) and Fig. 6.3(d) show the TEM micrographs recorded from the sample after 

peak-aging at 225°C for 16 h, with the incident electron beam approximately parallel to 
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[0001]α. A large number or high density of bamboo leaf/plate shaped precipitates with a 

diameter less than 15 nm formed and distributed uniformly in the matrix, as shown in Fig. 

6.3(c). Such precipitates were identified by selected area electron diffraction (SAED) 

analysis to be a β′ phase which had a c-based centered orthorhombic structure (cbco) 

(a=2×aα-Mg=0.64 nm, b=8×d α-Mg=2.22 nm, c=cα-Mg=0.52 nm) [57,76,104,118,119].  

  

  

Figure 6.3: Transmission electron micrographs recorded from a sample of T6 alloy: (a) 

bright-field image taken along [001] zone axis of particle A, (b) [001] zone axis 

microdiffraction pattern recorded from particle A, (c) bright-field images taken along 

[0001]α zone axis, and (d) the corresponding SAED patterns shown in B//[0001]α 

)0110(

(a) (b) 

(c) (d) 
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The composition of β′ phase was determined to be approximately Mg7(Gd,Y) as reported by 

Gao et al. [218] and Nishijima et al. [219]. A similar type of precipitates has also been 

reported in the cast T6 samples of Mg-10Gd-2Y-0.5Zr alloy by He et al. [57], solution-

treated and aged Mg-10Gd-3Y-0.4Zr alloy by He et al. [104], and solution-treated and aged 

Mg-15Gd-0.5Zr alloy by Gao et al. [76]. 

 

6.2 Crystallographic textures 

 

Fig. 6.4 shows the crystallographic textures (basal (0001), prismatic , and pyramidal 

 pole figures) of the GW103K alloy in different states (as-extruded, T5, and T6 

conditions) evaluated using MTEX software, where ED stands for the extrusion direction and 

RD denotes the radial direction. As seen from Fig. 6.4, relatively weaker textures (with a 

maximum intensity of 2.1 multiples of random distribution (MRD) for the as-extruded, 3.3 

MRD for the T5, and 4.5 MRD for the T6 samples were observed after the de-focusing 

correction, in comparison with the extruded AM30 [36,108] and rolled AZ31 [157]. This was 

basically in agreement with the study by Liu et al. [103], where the intensity of the T5 and 

T6 textures was stronger than that of the extruded alloy. The presence of such weaker 

textures in the RE-Mg alloy was a major benefit of adding RE elements into Mg alloys, as 

also reported by Stanford and Barnett [60] who observed that microalloying with RE 

elements could weaken texture in the forming process. It was also reported that an addition of 

small amount of Gd [115] and Ce [52] to Mg alloys could significantly reduce the texture of 

the extruded alloy and the addition of Y element had a similar effect on the texture of Mg 

)0110(

)1110(
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alloys [121,122]. Furthermore, Bohlen et al. [117] reported that the overall texture intensity 

and the basal pole intensity aligned with the sheet normal direction were lower in the RE-  

containing alloys than in the conventional alloys. Similar weaker texture in the Mg-based 

alloys with the addition of RE elements was also reported in [37,42,45-49,117]. 

 

 

Figure 6.4: Pole figures of basal (0001) plane, prismatic )0110(  plane, and pyramidal 

)1110( plane of GW103K alloy in the (a) as-extruded, (b) T5, and (c) T6 states, where ED 

indicates the extrusion direction and RD denotes the radial direction. 
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In the as-extruded sample (Fig. 6.4(a)), it can be seen that the c-axes of hcp unit cells in most 

grains were oriented towards the radial direction (RD), as indicated by the basal (0001) pole 

distribution, along with the prismatic and pyramidal poles towards the 

extrusion direction (ED). In the T5 sample (Fig. 6.4(b)), while the c-axes of most grains were 

oriented towards the RD, a slight change of the basal  pole has been observed, i.e., the 

basal  pole intensity at the center became higher. It is also seen from the Fig. 6.4(b) 

that similar to the as-extruded sample (Fig. 6.4(a)), the prismatic and pyramidal 

poles towards the ED, which indicates that the textures of T5 samples basically tried 

to retain during the aging process and the components seemed elongated in the RD. This 

elongation was more expected in the RE containing alloy rather than in the standard alloy 

AZ31 [48]. Similar tendency of retaining the texture pattern has been reported for Mg-10Gd-

3Y Mg alloy after T5 aging treatment at 225C for 4, 10, and 150 h by Liu et al. [103], for 

cast Mg-1Zn-0.3Ce (ZE10) alloy after annealing treatment at 400C for 15 min by 

Machenzie and Pekguleryuz [220], and for as-extruded AZ31 alloy after annealing treatment 

at 450C and 520C for 30 min, 3 h, and 17 h by Perez-Prado and Ruano [221]. The textures 

in the T6 sample (Fig. 6.4(c)) exhibited a greater spread of basal (0001) pole around the RD 

as compared with other two alloys (as-extruded and T5). However, the intensity variation of 

this T5 alloy was in contrast to that of Liu et al. [103]. Hirsch and Al-Samman [42] also 

reported that the texture weakening occurred during recrystallization annealing. This 

difference was mainly due to the combined effects of RE elements and the precipitates 

formed during the heat treatment. 

 

 

)0110( )1110(

)0001(

)0001(

)0110(
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6.3 Tensile properties 

 

Typical tensile stress-strain curves of the GW103K alloy in different states tested at a strain 

rate of 1×10
-4

 s
-1

 is shown in Fig. 6.5 and the tensile properties obtained are listed in Table 

6.1. As seen from Table 6.1, the GW103K alloy (as-extruded, T5, and T6) exhibited a higher 

tensile yield strength (YS) than the RE-free AM30 alloy, i.e., ~232 MPa, 332, and 342 MPa 

vs. ~189 MPa as reported in [28]. This indicated an obvious beneficial role of RE element 

addition in the Mg alloy, which was in agreement with those in an extruded Mg-8Al-xRE 

alloy [222], where the improved tensile properties due to the addition of RE elements were 

reported as well. As seen from Fig. 6.5 and Table 6.1, in comparison with the as-extruded 

alloy, significant improvements in the YS and ultimate tensile strength (UTS) were attained 

in the T5 alloy, by approximately 100 MPa and 108 MPa, respectively. Similar results were 

reported in the T5 samples of Mg-10Gd-2Y-0.5Zr alloy by He et al. [57], T5 samples of Mg-

10Gd-3Y alloy by Liu et al. [103], T5 samples of Mg-10Gd-3Y-0.5Zr alloy by Liu et al. [87], 

and extruded samples of Mg-10Gd-3Y-0.5Zr alloy by Yang et al. [37], where marked 

improvement in the YS and UTS was seen after the T5 aging treatment as well. However, the 

percent elongation of the T5 alloy (6.6%) decreased by about 20% as compared with that of 

the as-extruded alloy (8.3%). These results were due to the precipitation hardening as seen in 

Fig. 6.3 and also reported in [57,107]. As seen from Table 6.1, a further improvement in the 

YS (about 110 MPa) and UTS (about 112 MPa) was achieved via the T6 heat treatment as 

compared with the as-extruded alloy. Similar improvements in the YS and UTS in the T6 

alloy have been reported by Liu et al. [107]. The percent elongation of the T6 alloy decreased 

more as compared with that of the as-extruded alloy. The relatively small difference between 
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the T5 and T6 states, as seen from Fig. 6.5 and Table 6.1, was a consequence of a combined 

role of grain size and precipitates. While the T6 heat treatment would lead to a more 

complete precipitation hardening due to the formation of the supersaturated solid solution in 

the solution treatment phase prior to aging, the much larger grain size (Fig. 6.1(e) and (f)) 

due to the same solution treatment caused a certain extent of sacrifice or cutback in the 

strength based on the well-known Hall-Petch relationship [34] and in the ductility as well. 

 
Figure 6.5: Typical tensile stress-strain curves of the GW103K alloy in different conditions 

tested at a strain rate of 1×10
-4

 s
-1

. 

Table 6.1: Tensile properties of GW103K alloy in different states obtained at a strain rate of 

1×10
-4

 s
-1

. 

Materials σYS, MPa σUTS, MPa Elongation, % n 

As-extruded 232 318 8.3 0.15 

T5 332 426 6.6 0.19 

T6 342 430 3.2 0.17 
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6.4 Low cycle fatigue properties 

 

6.4.1 Hysteresis loops 

 

Fig. 6.6 shows typical stress-strain hysteresis loops of the first, second, and mid-life cycles at 

a total strain amplitude of 1.2% and strain ratio of Rε=-1 for the GW103K alloy in different 

states. It is seen from Fig. 6.6(a) that, like the tensile stress-strain curves (Fig. 6.5), the initial 

slope in the ascending phase of the first cycle was the same in all the three alloy states, 

indicating that the T5 and T6 heat treatment did not affect the Young’s modulus of the alloy. 

As normally anticipated, heat treatment would alter the strength of a material, but had little 

influence on the Young’s modulus, since the magnitude of Young’s modulus is a measure of 

the resistance to separation of adjacent atoms, i.e., interatomic bonding forces on an atomic 

scale. The present GW103K alloy was observed to exhibit nearly symmetrical hysteresis 

loops in all the three alloy conditions, which were somewhat similar to those of face-centered 

cubic (fcc) metals (e.g., Al, Cu, Ni) as a result of the dislocation slip-dominated deformation 

in most materials [33]. This was, however, in sharp contrast to the hysteresis loops in the 

extruded or rolled Mg alloys due to the presence of strong crystallographic texture [25-28]. 

The maximum and minimum peak stresses in the T5 and T6 conditions showed a significant 

enhancement in different loops as compared with those in the as-extruded GW103K alloy, 

due to the presence of a large number of precipitates after the T5 and T6 heat treatment (Fig. 

6.3). Similar to the tensile properties shown in Fig. 6.5 and Table 6.1, the T6 alloy exhibited 

only a slightly higher maximum and minimum peak stresses than the T5 alloy (Fig. 6.6). 

Unlike the fcc metals where the slope of hysteresis loops after the strain reversal either at the 
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maximum or minimum stress was basically equal to the value of Young’s modulus, the 

pseudoelastic or nonlinear elastic behavior in both descending and ascending phases in the 

RE containing GW103K alloy was still in existence, in spite of the symmetrical hysteresis 

loops. It seemed reasonable to consider that the pseudoelastic behavior would be an inherent 

characteristic of Mg alloys, which was related to the superior damping capacity. Further 

studies in this aspect are needed. However, in comparison with the as-extruded Mg alloy [25-

28], the pseudoelastic behavior reduced to a certain extent in the GW103K alloy, especially 

in the T5 and T6 conditions. 
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Figure 6.6: Typical stress-strain hysteresis loops of GW103K alloy in different states tested 

at a given total strain amplitude of 1.2% and strain ratio of Rε=-1 of (a) first cycle, (b) 

second cycle, and (c) mid-life cycle. 
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6.4.2 Cyclic deformation response 

 

Fig. 6.7 shows the evolution of cyclic stress amplitude as a function of the number of cycles 

at different strain amplitudes on a semi-log scale for the GW103K alloy in the (a) as-

extruded, (b) T5, and (c) T6 states, respectively. It is seen that as the applied total strain 

amplitude increased, the cyclic stress amplitude increased and the fatigue life decreased for 

the GW103K alloy in all states. Unlike the RE-free extruded alloys, e.g., AM30 [28] and 

AZ31 [25-27] where cyclic stabilization occurred only at lower strain amplitudes of about 0.1% 

and 0.2%, the as-extruded GW103K alloy exhibited cyclic stabilization until failure up to a 

strain amplitude of 1.0%. Even at a strain amplitude of 1.2% for the as-extruded alloy, only 

slight change, i.e., an initial slight cyclic hardening within the first three cycles and then 

minor cyclic softening, could be seen from Fig. 6.7(a), which corresponded well to the 

variation of the plastic strain amplitude during cyclic deformation as shown in Fig. 

6.8(a) for different total strain amplitudes. This was due to the addition of RE elements 

which significantly changed the microstructure (Fig. 6.1 and Fig. 6.3) and weakened the 

texture (Fig. 6.4). For the heat-treated T5 and T6 states, cyclic stabilization occurred up to a 

strain amplitude of 0.6% (Fig. 6.7(b) and 6.7(c)), which followed by the slight cyclic 

hardening at the higher strain amplitudes (0.8-1.2%). These also corresponded well to the 

decreasing plastic strain amplitude (Fig. 6.8(b) and 6.8(c)). However, while the initial cyclic 

deformation characteristics were similar for the alloy in different states, the cyclic stress 

amplitudes and also plastic strain amplitudes at a given total strain amplitude applied were 

different, except at the lower strain amplitudes (0.2% and 0.4%). For example, at a given 

total strain amplitude of 0.8%, the stress amplitudes were ~240 MPa, ~290 MPa, and ~300 

)2/( p
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MPa for the as-extruded, T5, and T6 samples, respectively (Fig. 6.7). The difference in the 

stress amplitudes also increased at higher strain amplitudes. For the plastic strain amplitudes, 

at a given total strain amplitude of 0.8%, the values were ~0.2%, ~0.165%, and ~0.11% for 

the as-extruded, T5, and T6 samples, respectively (Fig. 6.8(a), (b), and (c)). 
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Figure 6.7: Stress amplitude vs. the number of cycles at different total strain amplitudes 

applied for the GW103K alloy in the (a) as-extruded, (b) T5, and (c) T6 states. 
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Figure 6.8: Plastic strain amplitude vs. the number of cycles at different total strain 

amplitudes applied for the GW103K alloy in the (a) as-extruded, (b) T5, and (c) T6 states. 
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6.4.3 Fatigue life and fatigue parameters 

 

The fatigue life (i.e., the number of cycles to failure, Nf) as a function of the applied total 

strain amplitudes  of the GW103K alloy in the as-extruded, T5, and T6 states is 

shown in Fig. 6.9, along with the experimental data reported in the literature for various 

extruded Mg alloys [26,28,156-159] for comparison. The run-out data points were indicated 

by arrows pointing horizontally at or over 10
7
 cycles. The present GW103K alloy showed a 

trend of increasing fatigue life with decreasing strain amplitude in all conditions and there 

was no significant difference in the fatigue lives among the different alloy states. Overall, the 

alloy basically showed an improved fatigue life than the RE-free extruded Mg alloys 

[26,28,156-159]. Based on the Basquin equation and Coffin-Manson relation and as 

described in refs. [16,25-27,34,134,155], the total strain amplitude could be expressed as two 

parts of elastic strain amplitude and plastic strain amplitude, i.e., 

 
,
 (6.1) 

where  is the Young’s modulus (for the present alloy the average value obtained during 

fatigue testing was ~44.5 GPa), Nf is the fatigue life or the number of cycles to failure, σ΄f is 

the fatigue strength coefficient, b is the fatigue strength exponent, ε΄f is the fatigue ductility 

coefficient, and c is the fatigue ductility exponent. In addition, cyclic deformation behavior is 

normally considered to be related to the portion of the plastic strain amplitude and is 

independent of the elastic strain amplitude, which could be expressed by the following 

equation [27], 

 , (6.2) 
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where  is the mid-life stress amplitude,  is the mid-life plastic strain amplitude, n' is 

the cyclic strain-hardening exponent and K' is the cyclic strength coefficient. Further 

improvements in the cyclic strength coefficient (K') and fatigue strength coefficient ( ) 

were seen in the T6 alloy as compared to those of the as-extruded alloy (Table 6.2). The 

values of fatigue strength exponent (b) and fatigue ductility exponent (c) decreased in both 

T5 and T6 samples as compared to the as-extruded sample. In general, a smaller absolute 

value of fatigue strength exponent (b) and fatigue ductility exponent (c) and a larger value of 

fatigue strength coefficient ( ) and fatigue ductility coefficient ( ) reflect a longer fatigue 

life [223]. 

 
Figure 6.9: Total strain amplitude versus the number of cycles to failure for the GW103K 

alloy in the as-extruded, T5, and T6 states, in comparison with the data reported in the 

literature for various extruded Mg alloys [26,28,156-159]. 
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This indeed implies that a longer fatigue life of a material in the strain-controlled fatigue tests 

requires a good combination of both higher strength and superior ductility. In spite of such a 

seemingly conflicting effect of the exponent pair (b and c) and the coefficient pair (  and 

) on the fatigue life, the exponent pair would be expected to play a more significant role in 

the sense of exponential functions (equ. (6.1)) [223]. In comparison with the as-extruded 

alloy, the absolute values of b and c in both T5 and T6 states were higher, but the values of 

 and  were higher as well. As a result, a coupled role of these fatigue-life prediction 

parameters listed in Table 6.2 would give an equivalent lifetime of the GW103K alloy in 

different states within the experimental scatter, as shown in Fig. 6.9, which was in general 

longer than that of RE-free extruded Mg alloys. It should be noted that in evaluating the 

above fatigue life parameters, the run-out data for the fatigue samples without failure at or 

above 10
7
 cycles were not included. Furthermore, the obtained cyclic stress-strain curves 

corresponding to the mid-lives of the GW103K alloy in different conditions are shown in Fig. 

6.10 along with the monotonic stress-strain curves. It is seen that cyclic stress-strain curves 

were generally consistent with the monotonic ones for the GW103K alloy in different 

conditions within the experimental scatter. The obtained cyclic yield strength (σ'y) and cyclic 

strain hardening exponent (n') of the GW103K alloy in different states were also equivalent 

to their respective monotonic yield strength and strain hardening exponent, as seen from 

Tables 6.1 and 6.2. 

 

 

 

f 

f 

f  f 



 85 

Table 6.2: Low cycle fatigue parameters obtained for the GW103K alloy in the as-extruded, 

T5, and T6 conditions. 

 

Low cycle fatigue parameters  As-extruded T5 T6 

Cyclic yield strength, σ'y, MPa 215 305 350 

Cyclic strain hardening exponent, n' 0.19 0.16 0.20 

Cyclic strength coefficient, K', MPa 734 897 1230 

Fatigue strength coefficient, σ'f, MPa 518 811 1054 

Fatigue strength exponent, b -0.11 -0.14 -0.19 

Fatigue ductility coefficient, ε'f 0.05 0.52 0.41 

Fatigue ductility exponent, c -0.44 -0.87 -0.89 

 

 

6.4.4 Fractography 

 

Fig. 6.11 shows an overall view of fracture surfaces of the GW103K alloy in different 

conditions at a total strain amplitude of 0.4%, containing fatigue crack initiation, propagation, 

and final fast fracture regions. It is seen from the low magnification images (Fig. 6.11) that 

fatigue crack initiated basically from the specimen surface. Compared with the as-extruded 

and T5 samples, the fracture surfaces of the T6 sample were obviously rougher because of 

the larger grain size (Fig. 6.1(e) and (f)). Fig. 6.12 shows the fractographs near the crack 

initiation site and in the crack propagation area of the fatigued samples at higher 

magnifications. In the near-initiation area (as indicated by the red-dashed box in Fig. 6.11), 

typical flow lines or tearing ridges indicating fatigue crack growth direction could be seen in 

both as-extruded and T5 samples as shown in Fig. 6.12(a) and (c), respectively.  
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Figure 6.10: Cyclic stress-strain curves for the GW103K alloy in the (a) as-extruded, (b) T5, 

and (c) T6 states, where the corresponding monotonic stress-strain curves are also plotted 

for comparison. 

 

Fatigue crack propagation region was basically characterized by the fatigue striations which 

were perpendicular to the crack propagation direction as shown in Fig. 6.12(b) and (d) for the 

as-extruded and T5 samples, respectively. However, a mix of cleavage-like features and 

tearing ridges in the near-initiation area on the fracture surface of the T6 sample fatigued at a 

strain amplitude of 0.4% can be seen from Fig. 6.12(e). A three-dimensional image taken in 

the propagation area is shown in Fig. 6.12(f), with a main feature of fatigue striations as well. 
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Similar fracture surface features consisting of a mix of cleavage-like features, tearing ridges, 

and fatigue striations were reported in the T6 GW103 alloy by Dong et al. [102]. It was also 

observed that the spacing of fatigue striations became progressively larger with increasing 

distance from the crack initiation site. Since each fatigue striation could be assumed to 

roughly represent a single loading cycle, the spacing of fatigue striations could reflect the 

fatigue crack propagation rate and the associated fatigue life [223]. It is known that the 

occurrence of fatigue striations was due to a repeated plastic blunting-sharpening process in 

face-centered cubic (fcc) materials arising from the slip of dislocations in the plastic zone in 

front of the fatigue crack tip [224]. The formation of the fatigue striations in the hexagonal 

close-packed (hcp) Mg alloy was anticipated to be related to both dislocation slip and 

twinning in the plastic zone during fatigue crack propagation [25-28]. Unlike the as-extruded 

and T5 samples, crack propagation near initiation in the T6 sample shown in Fig. 6.11(c) and 

Fig. 6.12(e) appeared fairly different. To make sure where the crack initiation was, two 

different regions as indicated by the yellow-dashed boxes in Fig. 6.11(c) were examined in 

more detail and shown in Fig. 6.13. The region close to the upper left corner had fatigue 

striations coupled with the cleavage-like facets (Fig. 6.13(a) and (b)), while no sign of fatigue 

striations could be identified in the region near the lower right corner (Fig. 6.13(c) and (d)). 

Thus, fatigue crack initiation in the T6 sample was confirmed to be from the upper left corner 

(as indicated by the red-dashed box in Fig. 6.11(c)) rather than from the seemingly flatter 

surface at the lower right corner. The occurrence of the cleavage-like features was likely to 

be associated with the much larger grain size (Fig. 6.1(e) and (f)) stemming from the 

relatively high solution temperature at 500°C for 2 h. 
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Figure 6.11: An overall view of fracture surfaces fatigued at a strain amplitude of 0.4% of 

the GW103K alloy in the (a) as-extruded, (b) T5, and (c) T6 states. 
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Figure 6.12: SEM micrographs of fracture surfaces near crack initiation area (left) and in 

the propagation zone (right) of the GW103K alloy in the (a) and (b) as-extruded, (c) and (d) 

T5, and (e) and (f) T6 states fatigued at a strain amplitude of 0.4%. 
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Figure 6.13: SEM micrographs of the fracture surface of the T6 sample fatigued at a strain 

amplitude of 0.4% in the region near the upper left corner ((a) and (b)), and region near the 

lower right corner ((c) and (d)) as indicated by the yellow dashed boxes in Fig. 6.11(c). 

 

6.5 Effect of RE elements 

 

6.5.1  Effect on tensile properties 

 

The mechanical properties of alloys are known to be dependent on the alloying elements and 

the resulting microstructures including fine precipitates that appear after proper heat 

treatment. The process of adding other elements to a metal to increase its strength is 

commonly referred to as solid solution (or solute) strengthening. The effect of these solutes 

(or impurity atoms) is to obstruct the movement of dislocations. Edge dislocations for 

example can result in internal pressures in a crystal through the distortion of the periodic 

lattice. In the presence of impurity atoms with a larger atomic radius dilatational stresses are 

lowered and the energy of the system is decreased if the solute atoms are positioned below 

the edge dislocations. Therefore, extra stress is required to move dislocations away from the 

(c) (d) 
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solute atom, which impedes their movement [225]. As seen from the periodic table, all RE 

elements including both series of lanthanides and actinides have an atomic radius larger than 

that of Mg. Also, the solid solubility of the RE elements in Mg is relatively high, e.g., Gd 

could dissolve up to 3.8 wt.% at about 200°C to replace the Mg atoms and form a 

substitutional solid solution [80]. Since the RE element (Gd and Y) atoms as well as Zr 

atoms in the GW103K alloy are all larger than Mg atoms, squeezing them into the Mg lattice 

would not only generate compressive stresses imposed on the nearby host atoms but also 

roughen the slip plane, thus make it more difficult for dislocations to move. It follows that 

the addition of RE elements to Mg even in the form of solid solution alone would improve 

the resistance to the motion of dislocations, and thereby increasing the yield strength. This 

would be the main reason why a fairly high strength of GW103K in the as-extruded state is 

observed (Table 6.1). 

 

Regarding the precipitation strengthening, an alloy containing an adequate volume fraction of 

fine particles of an impurity phase through heat treatment will have a higher strength, due to 

the impediment of particles to the movement of dislocations. In the RE-Mg alloys fine and 

evenly oriented (the planes parallel to the prismatic or basal planes of Mg matrix) and 

uniformly distributed particles can improve the tensile properties [226]. On the other hand, 

Yin et al. [227] reported that relatively large size and small volume fraction of particles 

might have only small strengthening contributions. Thus, small sized particles or precipitates 

with an adequate volume fraction would have a significant contribution to the strengthening 

in RE-Mg alloys, as also reported in ref. [57]. As seen from Fig. 6.3(c), a large number of 

nano-sized dense and uniformly dispersed β′ precipitates are obviously the primary 
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strengthening phase of the GW103K alloy in the present T6 condition. It has also been 

reported that the β′ precipitates, which form on the prismatic planes of α-Mg matrix in a 

dense triangular arrangement [57,104,119,228], are perpendicular to the basal plane of α-Mg 

and very thermally stable at 250C [227]. Such β′ precipitates are particularly effective to 

impede the movement of dislocations on the basal planes [104,228], thus significantly 

increase the strength of the Mg alloy in the T6 state as seen from Fig. 6.5 and Table 6.1. Nie 

and Muddle [119] also reported that the enhanced tensile strength in the Mg-6Gd-1Zn-0.6Zr 

alloy resulted from a uniform and dense distribution of basal precipitate plates. As mentioned 

earlier, while the T5 heat treatment may not result in the same level of precipitates as in the 

T6 state due to the lack of solution treatment stage to form a supersaturated solid solution, 

the smaller grain size shown Fig. 6.1(c) would greatly enhance the strength according to the 

Hall-Petch relationship [34], in comparison with the much larger grain size in the T6 state 

(Fig. 6.1(e)). As the result, the tensile properties in the T5 state are nearly the same as those 

in the T6 (Fig. 6.5 and Table 6.1). 

 

6.5.2  Effect on cyclic deformation characteristics 

 

As compared to the as-extruded GW103K alloy, some obvious improvements in the cyclic 

deformation resistance have been observed in the T5 and T6 conditions. For example, the 

maximum and minimum peak stresses in the T5 and T6 conditions were much higher than 

those in the as-extruded condition in different hysteresis loops as seen from Fig. 6.6. At a 

given total strain amplitude the cyclic stress amplitude increased and plastic strain amplitude 

decreased after the T5 and T6 heat treatment, with a big change from the as-extruded state to 
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T5 state and a relatively small change from T5 to T6 state (Fig. 6.7 and Fig. 6.8). All of these 

changes during cyclic deformation corresponded well to those in the monotonic tensile 

properties (Fig. 6.5 and Table 6.1). To further identify the difference from the RE-free Mg 

alloys, the stress-strain hysteresis loop of the mid-life cycle for an AM30 extruded alloy is 

plotted in Fig. 6.14, along with that of the RE-containing GW103K alloy in various states. It 

is seen from Fig. 6.14 that the hysteresis loops of AM30 alloy showed a strong Bauschinger-

like effect associated with a skewed asymmetrical shape.  

 
Figure 6.14: Typical stress-strain hysteresis loops of the mid-life cycle at a given total strain 

amplitude of 1.2% and strain ratio of Rε=-1 for the extruded AM30 and GW103K alloy in 

different states, respectively. 

 

While the maximum peak stress of extruded AM30 alloy was close to that of the GW103K 

alloy in the as-extruded state, the compressive yielding of the AM30 alloy in the descending 

phase occurred much earlier, giving rise to a much smaller minimum peak stress (absolute 
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value). Similar results were also reported by other investigators [26,28]. The ratio of the 

compressive-to-tensile peak stress at a total strain amplitude of 1.2% was ~0.55 for AM30 

alloy, and almost 1 for the GW103K alloy in different states, indicating that the tension-

compression asymmetry was no longer existent in the present GW103K, irrespective of alloy 

states. Typically, the tension-compression yield asymmetry in polycrystalline alloys is 

directly related to the presence of strong crystallographic texture which dominates the 

orientation of slip or twinning planes and directions relative to the externally applied stress 

[229]. Yin et al. [182] reported that randomly textured casting samples exhibited almost no 

yielding asymmetry. Likewise, Patel et al. [152,153,155] also observed no yielding 

asymmetry in the super-vacuum die cast or semi-solid processed AM60B and AZ91D Mg 

alloys, which was in agreement with the results of GW103K alloy. As mentioned earlier in 

section 6.2, the GW103K alloy showed relatively weak textures (Fig. 6.4) due to the presence 

of RE-rich particles and smaller grain sizes (which resulted from the Zener-pinning effect) as 

compared to the RE-free Mg alloys (Fig. 6.1 and Fig. 6.2). As seen from Fig. 6.15 which 

shows the distribution of deformation features in the area near the fracture surface in the 

fatigued samples of AM30 alloy and GW103K alloy in different states, it can clearly seen 

that the grain sizes of the RE-Mg alloy were smaller than the RE-free AM30 alloy even after 

the T6 heat treatment (Fig. 6.15(d) vs. (a)), which were partially responsible for the nearly 

symmetrical hysteresis loops (Fig. 6.6 and 6.14) via reduced twinning activities. It was 

reported that grain size had a significant effect on the tendency of twinning because the 

energy required to form twin interfaces was particularly high in the fine-grained Mg alloy 

[180], and the difference between the tensile and compressive yield strengths generally 

decreased with decreasing grain size [230]. More obvious and dense residual twins appeared 
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near the fracture surface area of RE-free AM30 alloy as shown in Fig. 6.15(a), while twins 

could barely be visible in the near fracture surface area of the as-extruded GW103K alloy 

(Fig. 6.15(b)). Although a few twins could be seen to occur in the grains oriented favorably 

as the grain sizes increased considerably due to the T6 heat treatment (as indicated by arrows 

in Fig. 6.15(d)), the number of twins was limited, which was mostly replaced by the fine and 

uniformly distributed slip lines/bands in the RE-containing GW103K alloy in all the states 

(Fig. 6.15(b)-(d)). 

 

  
 

Figure 6.15: Optical micrographs in the area near the fracture surface at a strain amplitude 

of 1.2%, showing the distribution of deformation features in the fatigued samples of (a) 

AM30 alloy, (b) as-extruded, (c) T5, and (d) T6 states of the GW103K alloy, respectively. 

(a) (b) 

(c) (d) 
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Such an important change in the deformation mode from predominantly twinning in the RE-

free AM30 Mg alloy to mainly dislocation slip in the RE-containing GW103K alloy 

obviously resulted from (i) the grain refinement (Fig. 6.1), (ii) the uniformly-distributed large 

number density of bamboo leaf shaped β′ precipitates (Fig. 6.3), and (iii) the texture 

weakening (Fig. 6.4) in the GW103K alloy, in comparison with AM30 Mg alloy. The 

combined role of these factors is responsible for the reduction or absence of the hysteresis 

loop asymmetry (Figs 6.6 and 6.14), the increase in the stress amplitude (Fig. 6.7) and the 

decrease in the plastic strain amplitude at a given total strain amplitude (Fig. 6.8), and 

eventually the increase in the fatigue life (Fig. 6.9) via suppressing the twinning activities in 

the GW103K alloy, as compared to the RE-free AM30 Mg alloy. The vital role of the RE-

elements in this regard will be discussed further in the following section. 

 

6.5.3  Interaction between twins and precipitates 

 

An important factor that influences the formation of twins in the pull-push cyclic 

deformation in RE-Mg alloys is precipitates [183]. The presence of precipitates in the path of 

a migrating twin boundary can significantly alter the twinning behavior of RE-Mg alloys. As 

mentioned in earlier section 6.1.3, the presence of β΄ precipitates has been confirmed in RE-

Mg alloys as shown in Fig. 6.3. It was reported that this kind of precipitates can act as 

obstacles which bring about strengthening by pinning the twinning dislocations and 

restricting boundary motion. The interaction between twinning and precipitates has been 

considered to arise primarily from the difficulty experienced by the migrating twin 

boundaries during the propagation of the twin through densely distributed precipitates [229]. 
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To better understand the interaction between a twin and plate-shaped β′ precipitates, two 

schematic illustrations showing the barricade of a precipitate/particle to twinning are plotted 

in Figs 6.16 and 6.17 (two-dimensional and three-dimensional view as shown in Fig. 6.16 

and Fig. 6.17, respectively). In Fig. 6.16, the coordinate system is established with the Y-axis 

being parallel to the c-axis [0001] of an hcp unit cell in the Mg matrix and the X-axis being 

oriented in the direction of  which is positioned on the basal plane, whereas the three-

dimensional coordinate system is established in the hcp unit cell in the Mg matrix with three 

axes, i.e., a1 , a2 , and a3  which are positioned on the basal  

plane as indicated by solid red arrows in Fig. 6.17 and all the three axes are oriented at an 

angle of 120° to one another, with the c-axis [0001] being perpendicular to the basal  

plane. As reported by He et al. [104] and Nie [228], the stacking type of atoms in β′ 

precipitates observed in the RE-Mg alloys is the same as that of the hcp α-Mg matrix. As 

mentioned earlier in section 6.1.3, the orientation of β′ precipitates has been verified as c-

base-centered orthorhombic system and it was observed to form on the prismatic planes of 

the Mg matrix in a dense triangular arrangement [57,76,104,118,119,228]. Thus, the 

precipitate could be plotted vertically to the X-axis (the basal plane of the Mg matrix) in Fig. 

6.16, while in Fig. 6.17 the precipitates could be plotted in the basal plane of the α-Mg matrix 

in such a way that the orientation relationship between the β′ precipitate and matrix patterns 

is , and as reported in refs. [57,76,104,119]. In the Mg 

alloys,  extension twinning is normally activated when a compressive stress is 

applied perpendicular to the [0001] c-axis or parallel to the  basal plane [16,231]. 

Using the Mg lattice parameters of a=0.32 nm and c=0.52 nm [179], one can readily 
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calculate the angle between the  basal plane and the twinning plane K1 or the 

twinning direction 1  residing on the twinning plane K1 to be 43.15, as indicated in 

Fig. 6.16. Such a change is similar to re-orienting the basal planes of the matrix to those 

indicated by the fine parallel lines inside the twin, which are inclined at an angle of 86.3 to 

the fine horizontal lines, as shown in Fig. 6.16. Due to the unique nature of twin 

characterized by the perfectly symmetrical (or mirror) image of atoms with respect to the 

twinning plane, the inclined fine parallel lines within the twin must have an atomic 

arrangement identical to that represented by the fine horizontal lines. Therefore, the inclined 

fine parallel lines inside the twin indeed stand for the  twin basal planes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.16: A schematic illustration of the interaction between a plate-shaped precipitate and 

}2110{  twin in the GW103K alloy. 
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In Fig. 6.17, the extension twinning plane is shown as a shaded color plate and the 

twinning direction  is pointed using a dashed red arrow. If the particle/precipitate cannot 

be sheared during twinning, as the twinning ledge approaches the precipitate there exists a back 

stress arising from the harder and more rigid precipitate, which would hinder the free shear of the 

moving twin ledge and must be overcome by the increasing stress applied [16,183].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17: A schematic illustration of the interaction between  twin and β ′ precipitate 

with an orientation relationship of and  in the GW103K alloy. 

 

The portion of the matrix in the absence of twinning due to the blockage of the precipitate is 
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of twinning due to the blockage of the triangular β′ precipitates is indicated by the transparent 

cyan color in the twinning plane in Fig. 6.17. Furthermore, when the twinning shear reaches the 

interface between the matrix and the β′ precipitate, the movement of atoms towards the 

precipitate should be accommodated by the basal slip of the matrix near the precipitate/matrix 

interface [183]. It should be noted that, the basal slip in the matrix would also be impeded by the 

β′ precipitate, thereby providing an opportunity for the shear to be accommodated by basal slip 

inside the  twin instead of the parent matrix. Then the need for the additional basal slip 

on a local scale around the precipitate is likely to increase the stress required to form the twin 

[183]. It should be pointed out that the schematic diagram in Fig. 6.17, which is not drawn to 

scale since the precipitates were larger than the hcp unit cell of α-Mg matrix, illustrates only a 

trio of β′ precipitates in a given grain, so that partial twinning in the grain would be possible. As 

seen from the TEM image shown in Fig. 6.3 taken at a magnification of 30,000, a large number 

of uniformly-dispersed triangular groups of plate-shaped β′ precipitates are present in a given 

grain in the GW103K alloy. As a result, the resistance to the formation of twins in the GW103K 

alloy would be expected to be so large that almost no twinning would be possible and the 

dislocation slip became a predominant deformation mode as corroborated from the slip lines 

shown in Fig. 6.15. 

 

 

 

 

6.6 Summary 
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The following conclusions can be drawn from the low cycle fatigue tests of GW103K alloy in 

the as-extruded, T5 and T6 conditions under varying strain amplitudes: 

 

1. The grain size of the as-extruded GW103K alloy was fairly small (about 12 μm) in 

comparison with the RE-free extruded Mg alloys. The average grain size increased to about 

25 μm after T5 peak-aging at 225C for 16 h. More obvious grain growth (about 92 μm, being 

almost four times larger than that after T5 treatment) was observed in the T6 state mainly due 

to the solution treatment at 500°C for 2 h followed by the peak-aging at 225°C for 16 h. 

2. RE-containing particles were present in the GW103K alloy in all the three conditions. After 

T6 heat treatment, the RE-containing particles contained more Zr and had a more rounded 

shape. In particular, a high density of nano-sized and bamboo-leaf/plate-shaped β′ 

(Mg7(Gd,Y)) precipitates were observed to distribute uniformly in the α-Mg matrix.  

3. Unlike the RE-free extruded Mg alloys, the present GW103K alloy in different conditions 

exhibited basically symmetrical hysteresis loops in tension and compression, suggesting the 

lack of the tensile-compressive yield asymmetry. This was predominantly attributed to (i) the 

grain refinement, (ii) the uniformly-distributed large number of bamboo leaf shaped β′ 

precipitates, and (iii) the weaker texture. 

4. The as-extruded GW103K alloy exhibited cyclic stabilization until failure up to a strain 

amplitude of 1.0%. In the T5 and T6 states, cyclic stabilization occurred up to a strain 

amplitude of 0.6% followed by the slightly cyclic hardening from the strain amplitude of 0.8% 

to 1.2%. Similar to the yield strength and ultimate tensile strength, the maximum and 

minimum peak stresses in the T5 and T6 conditions were much higher than that in the as-

extruded condition. 
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5. The fatigue life of the GW103K alloy in different states was equivalent within the 

experimental scatter, which was longer than that of the RE-free extruded Mg alloys, and could 

be well described by the Coffin-Manson law and Basquin’s equation. 

6. SEM examinations revealed that fatigue cracks initiated from the specimen surface or near-

surface defects in all the three alloy states, and the initiation site contained some cleavage-like 

facets after T6 heat treatment. Crack propagation was characterized mainly by the typical 

fatigue striations. 
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CHAPTER 7 

EFFECT OF STRAIN RATIO ON CYCLIC DEFORMATION OF 

EXTRUDED GW103K ALLOY 

 

While chapter 6 involves cyclic deformation behavior of GW103K alloy in different states with a 

fully reversed cycling (i.e., a strain ratio of Rε=-1), there are no systematic studies reported on the 

low cyclic fatigue behavior of RE-containing Mg alloys with emphasis on the effect of strain 

ratio. The questions would be raised as to what are the effects of strain ratio on the cyclic 

deformation and low cycle fatigue resistance, and tension-compression asymmetry, how the 

cyclic stress response (i.e., cyclic hardening or softening) would be, and what is the effect of RE 

elements on the twinning-detwinning activities during cyclic deformation. Therefore, the aim of 

this chapter was to explore cyclic deformation behavior of an extruded GW103K alloy under a 

constant strain amplitude with different strain ratios.  

 

7.1 Hysteresis loops 

 

Fig. 7.1 shows typical stress-strain hysteresis loops of the first, second, and mid-life cycles at 

different strain ratios, Rε, at a given strain amplitude of 0.8% of the extruded GW103K alloy. It 

is seen from Fig. 7.1(a) that at all strain ratios, the initial tensile phase of the first cycle was 

synchronized and followed essentially the same path, which suggested the occurrence of a nearly 

ideal Masing behavior, representing a special cyclic stress-strain response in some materials as 

reported by Chirst and Mughrabi [232]. With increasing strain ratio from -∞ (negative infinity) 

to 0.5, the maximum/peak tensile stress σmax increased from nearly zero or a few MPa to about 
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300 MPa, and the plastic deformation in the tensile phase became much more remarkable (Fig. 

7.1(a)). In particular, there was a large amount of plastic deformation (Fig. 7.1(a)) in the tensile 

phase at zero or positive strain ratio (i.e., Rε=0.5 and 0). This was related to the high positive 

mean strain value (i.e., the fixed values of maximum strain εmax and minimum strain εmin as given 

in Table 3.2). The shift of the hysteresis loops at Rε=0.5 and Rε=0 in Fig. 7.1(b) and (c) was also 

due to the control of strain limits. With decreasing strain ratio from 0.5 to -∞, the minimum/peak 

compressive stress σmin decreased from about -170 MPa to about -270 MPa, where the Rε=0.5 

and Rε=0 tests did not reach the compressive yielding of the GW103K Mg alloy. While the Rε=-1 

test gave essentially symmetrical hysteresis loops (Fig. 7.1(b) and (c)), the tests at other strain 

ratios apparently resulted in asymmetrical hysteresis loops with respect to the zero stress (Fig. 

7.1(b)). However, the initially asymmetrical hysteresis loops became relatively more symmetric 

in tension and compression at the mid-life, as see in Fig. 7.1(c). 
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Figure 7.1: Typical stress-strain hysteresis loops of different cycles at different strain ratios at a 

given total strain amplitude of 0.8% of the extruded GW103K alloy, (a) First cycle, (b) Second 

cycle, and (c) Mid-life cycle.  
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7.2 Cyclic deformation response 

 

Fig. 7.2 shows the evolution of stress amplitudes with respect to the number of cycles at different 

applied strain ratios on a semi-log scale. It is seen that the GW103K alloy remained almost 

cyclically stable until failure at different strain ratios. However, the alloy showed initial abrupt 

increase in the stress amplitude from the first cycle to the second cycle at the strain ratio of Rε=-3 

and -∞, then it remained almost constant until failure as with other strain ratios. It is noted that 

the rate of initial sudden change was higher at a strain ratio of Rε=-∞ than at a strain ratio of Rε=-

3, since the compressive stress at Rε=-∞ was higher than that at Rε=-3. The stress amplitude 

basically increased with increasing Rε value under the same strain amplitude of 0.8% and strain 

rate, except the case of Rε=-3. This was attributed to the higher mean strain, which was in 

agreement with the results reported in refs. [25,126,152] where the absolute value of high mean 

strain corresponded to the high stress amplitude. Unlike the RE-free extruded AM30 [28,35] and 

AZ31 [25-27] where cyclic stabilization occurred only at lower strain amplitudes of about 0.1% 

and 0.2%, the GW103K alloy exhibited cyclic stabilization until failure at higher strain 

amplitude of 0.8%. The variation of the plastic strain amplitude )2/( p  during cyclic 

deformation is shown in Fig. 7.3 at different strain ratios. It is seen that at all strain ratios there 

existed a sudden drop of the plastic strain amplitude from the first cycle to the second cycle, 

except the fully reversed strain control (i.e., Rε=-1 tests), then it remained almost constant until 

failure. Indeed, such an abrupt drop was associated with the existence of mean strain, and it 

increased with increasing absolute value of mean strain (Table 3.2) or with increasing deviation 

from zero mean strain (εmean=0 or Rε=-1). Similar sudden drops have been observed in an 

extruded AZ31 alloy [25]. It is further seen from Fig. 7.3 that as the Rε increased the plastic 
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strain amplitude decreased. The cyclic stabilization exhibited in the present alloy at a fairly high 

strain amplitude of 0.8% indicated the beneficial effect of RE element additions. 

 
Figure 7.2: Stress amplitude vs. the number of cycles at different strain ratios at a given total 

strain amplitudes of 0.8% of the extruded GW103K alloy. 

 
Figure 7.3: Plastic strain amplitude vs. the number of cycles at different strain ratios at a given 

total strain amplitudes of 0.8% of the extruded GW103K alloy. 
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7.3 Fatigue life and fatigue parameters 

 

The fatigue life (i.e., the number of cycles to failure, Nf) as a function of strain ratio of the 

extruded GW103K alloy is plotted in Fig. 7.4. It is seen that the fatigue life increased with 

increasing strain ratio from Rε=-∞ to Rε=-1, while it decreased from Rε=-1 to Rε=0.5, which 

seemed to be in agreement with the change of the plastic strain amplitude with the strain ratio 

(Fig. 7.3), as discussed above. It should be noted that the relatively low fatigue lives shown in 

Fig. 7.4 was due to the applied higher total strain amplitude of 0.8%, giving rise to a higher 

cyclic stress amplitude (Fig. 7.2) and plastic strain amplitude. A lower total strain amplitude of 

0.4% or 0.6% was used in [25,152,155]. The mean stresses at different strain ratios plotted as a 

function of a normalized cycle ratio (N/Nf) is shown in Fig. 7.5, where Nf is the fatigue life (the 

number of cycles to failure).  

 
Figure 7.4: Number of cycles to failure vs. strain ratio for the extruded GW103K alloy tested at 

a given total strain amplitude of 0.8% and strain rate of 1×10
-2

 s
-1

. 



109 

 
Figure 7.5: Mean stress vs. a normalized cycle ratio (N/Nf) at different strain ratios in the 

GW103K alloy tested at a total strain amplitudes of 0.8%. 

 

It is seen that the initial mean stress decreased for Rε>-1 and increased for Rε<-1, and the 

stabilization basically occurred after approximately 10-20% of fatigue life for the applied strain 

ratios, except for the strain ratio of 0.5 and 0 where the mean stress decreased continuously. The 

mean stress at Rε= -1 remained nearly zero or absent. Furthermore, the variation of the hysteresis 

loops with the strain ratio could also be expressed as a minimum-to-maximum stress ratio,  

min/max, versus the strain ratio (Fig. 7.6). The stress ratio in the first cycle increased drastically 

with increasing strain ratio, while the extent of change in the stress ratio in the mid-life cycle 

became much smaller. As expected, the stress ratio between the first cycle and the mid-life cycle 

was almost the same at Rε=-1. However, the stress ratio in the mid-life cycle became lower when 

the strain ratio was smaller than -1, and higher when the strain ratio was larger than -1. Similar 

changes in the stress ratio have been reported in ref. [25]. 
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Figure 7.6: Stress ratio of the first cycle and the mid-life cycle as a function of the applied strain 

ratio. 

 

7.4 Fractography 

 

Fig. 7.7 shows an overall view of the fracture surfaces at a lower magnification for the specimens 

tested at a total strain amplitude of 0.8% and at a strain ratio of (a) 0.5 and (b) -∞, respectively. It 

is seen that fatigue crack initiated basically from the specimen surface. The fracture surface near 

the crack initiation site at a larger magnification is shown in Fig. 7.8(a) and (b). The fracture 

surfaces at both strain ratios had similar features containing cleavage-like facets. Fatigue crack 

propagation was basically characterized by fatigue striations observed at higher magnifications 

(Fig. 7.9(a) and (b)), in conjunction with some secondary cracks. In addition, the fatigue 

striations were perpendicular to the crack propagation direction.  
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Figure 7.7: Typical SEM images of overall fracture surfaces of the extruded GW103K specimens 

fatigued at a total strain amplitude of 0.8% and at a strain ratio of (a) 0.5 and (b) -∞. 

  

Figure 7.8: SEM micrographs of the fracture surface near crack initiation of the extruded 

GW103K specimens fatigued at a total strain amplitude of 0.8% and at a strain ratio of (a) 0.5 

and (b) -∞. 

(a) (b) 

(a) (b) 
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Figure 7.9: SEM micrographs of fatigue crack propagation region of the extruded GW103K 

specimens fatigued at a total strain amplitude of 0.8% and at a strain ratio of (a) 0.5 and (b) -∞.  

 

7.5 Effect of strain ratio 

 

As mentioned above in section 7.2, the strain ratio has a significant effect on the cyclic 

deformation characteristics of the GW103K alloy. For instance, due to the high positive mean 

strain values, a large amount of plastic deformation occurred in the tensile phase which can be 

observed from the hysteresis loops (Fig. 7.1(a)). In addition, with decreasing strain ratio, the 

hysteresis loops became wider and appeared more symmetric with respect to the zero stress (Fig. 

7.1(b) and (c)), which was due to the occurrence of twinning-detwinning as reported in ref. [25]. 

The stress amplitude was also affected due to the high mean strain (Fig. 7.2) and it increased 

with increasing Rε values. The mean stress at Rε= -1 was nearly absent, and the absolute value of 

the mean stress became larger when the strain ratio deviated more from Rε= -1 (Fig. 7.5). As the 

cyclic deformation progressed, the mean stresses at different strain ratios shifted towards a 

reduced absolute value or exhibited a tendency of approaching zero mean stress (Fig. 7.5). This 

phenomenon is often referred to as the mean stress relaxation. It is clear that the mean stress 

(b) (a) 
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relaxation occurred more drastically at the onset of cyclic deformation within the initial cycles of 

the fatigue life, beyond which (especially beyond the mid-life) it became increasingly stabilized. 

Also, the higher the initial mean stress (absolute value) was, the more significant the amount of 

mean stress relaxation. The non-stability in the mean stress (mean stress relaxation) at non-fully 

reversed strain control (i.e., Rε≠-1 tests) might be related to the initial big over-stretching (Fig. 

7.1(a)). The nearly stable and positive/tensile mean stress over the majority of fatigue life 

decreased from about +30 MPa to about -25 MPa with decreasing strain ratio from Rε=0.5 to 

Rε=-∞. This was in agreement with the results reported by Goodenberger and Stephens [154] on 

AZ91E-T6 cast magnesium alloy. It should be noted that the change in the stress ratio from the 

first cycle to the mid-life cycle in Fig. 7.6 indeed also indicated the mean stress relaxation or 

cycle-dependent relaxation.  

 

7.6 Comparison between GW103K alloy and RE-free extruded AM30 

alloy  

 

Fig. 7.10 shows typical stress-strain hysteresis loops of the first and mid-life cycles at a total 

strain amplitude of 0.8% and at different strain ratios (Rε=0.5, -1, and -∞) for the extruded 

GW103K alloy (solid lines) and AM30 alloy (dashed lines), respectively. The GW103K alloy 

exhibited hysteresis loops that were very different from those of the extruded RE-free AM30 

alloy. Unlike AM30 alloy, the current RE-containing GW103K alloy exhibited nearly 

symmetrical hysteresis loops in shape with a higher stress amplitude (Fig. 7.10), which were 

somewhat similar to those of face-centered cubic (fcc) metals (e.g., Al, Cu, Ni) as a result of the 

dislocation slip-dominated deformation in most materials [33]. This was due to the presence of 
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RE-rich particles and finer grain sizes as presented in section 6.4.1. Moreover, the skewness of 

the hysteresis loops present in the extruded AM30 alloy decreased with increasing strain ratio, 

which was absent in the current GW103K alloy. Generally, the initial deformation asymmetry 

behavior of metals was associated with the Bauschinger effect [34]. From Fig. 7.10(b) it is 

clearly seen that the hysteresis loops of AM30 alloy showed a strong Bauschinger-like effect, 

which concurred with the results reported by other investigators [26,28,34]. The ratio of the 

compressive-to-tensile yield stress was ~0.55 for AM30 alloy, whereas it was almost 1 for 

GW103K alloy presented in section 6.5.2, indicating that there was nearly no difference in the 

tensile and compressive yielding (Fig. 7.10(b)). The difference between GW103K alloy and 

AM30 alloy could also be observed from the near fracture surface area in Fig. 7.11, where the 

distribution of residual twins in the fatigued samples of GW103K alloy (Fig. 7.11(a) Rε=0.5, (c) 

Rε=-1, and (e) Rε=-∞) and AM30 alloy (Fig. 7.11(b) Rε=0.5, (d) Rε=-1, and (f) Rε=-∞) is shown, 

respectively. With decreasing strain ratio from Rε=0.5 to Rε=-∞, the amount of twin formation 

increased (Fig. 7.11) in both alloys. 

 

However, compared to the GW103K alloy (Fig. 7.11(a), (c), and (e)), denser and more obvious 

residual twins were present near the fracture surface of AM30 alloy (Fig. 7.11(b), (d), and (f)). 

The formation of these twins was attributed to an insufficient number of slip systems in 

magnesium alloys deformed at room temperature arising from the HCP crystal structure with low 

crystal symmetry [16,108]. The absence of dense twins in the GW103K alloy suggested that 

twinning would not be a predominant deformation mode in the cyclic deformation of this alloy, 

and the basal slip of dislocations would become a predominant deformation mechanism as 
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corroborated by the nearly symmetrical hysteresis loops (Fig. 7.1 (c) and Fig. 7.10(b)) like the 

common fcc metals [33]. 

 

 
Figure 7.10: Typical stress-strain hysteresis loops of (a) first and (b) mid-life cycles at different 

strain ratios at a total strain amplitude of 0.8% in the GW103K alloy (solid lines) and AM30 

alloy (dashed lines). 
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This was mainly due to the microalloying with RE elements which led to significant changes in 

the texture and twinning activities arising from the fine grain size and especially RE-containing 

precipitates, which was discussed in section 6.5.2. 

  

  

  
 

Figure 7.11: Optical micrographs in the areas near the fracture surface at a strain amplitude of 

0.8%, showing the distribution of residual twins in the fatigued samples of GW103K alloy ((a) 

(a) (b) 

(c) (d) 

(e) (f) 
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Rε=0.5, (c) Rε=-1, and (e) Rε=-∞) and AM30 alloy ((b) Rε=0.5, (d) Rε=-1, and (f) Rε=-∞), 

respectively. 

 

7.7 Summary 

 

The following conclusions can be drawn from this investigation: 

 

1. At a strain ratio of Rε=0 and 0.5, a large amount of plastic deformation occurred in the 

tensile phase of the first cycle of hysteresis loops due to the high positive mean strain 

values. With decreasing strain ratio, the hysteresis loops became progressively wider.  

2. The GW103K alloy exhibited essentially cyclic stabilization until failure at all strain 

ratios even at a fairly high strain amplitude of 0.8%, indicating a beneficial effect of 

adding RE elements. Plastic strain amplitude was also stabilized until failure at all strain 

ratios, except a sudden drop from the first cycle to the second cycle. The plastic strain 

amplitude decreased with increasing strain ratio at a given strain amplitude and strain rate. 

3. The fatigue life of the GW103K alloy was observed to be the longest in the fully reversed 

strain control at Rε=-1, and it decreased as the strain ratio was deviated from Rε=-1, due to 

the increasingly larger mean stress. As cyclic deformation progressed, a certain extent of 

mean stress relaxation occurred in the non-fully reversed strain control (i.e., Rε≠-1 tests).   
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CHAPTER 8 

CYCLIC DEFORMATION BEHAVIOR OF AN EXTRUDED NZ30K 

ALLOY 

 

While the high performance of the GW103K alloy, especially in the aspect of suppressing the 

unwanted tension-compression asymmetry, was achieved (Chapter 6 and 7), this alloy was pretty 

expensive due to the addition of a fairly high amount (totally ~13 wt.%) of RE elements. In the 

automotive applications cost is one of the major considerations. This has driven the development 

of relatively low RE-containing Mg alloys, e.g., recently developed Mg-3Nd-0.2Zn-0.5Zr 

(NZ30K) alloy. This NZ30K alloy offers high strength and ductility as well as good creep 

resistance, it is thus very attractive to automotive powertrain and structural applications [233]. 

However, it is unclear to what extent the NZ30K Mg alloy would exhibit the tension-

compression asymmetry, whether cyclic hardening would occur, and what are the cyclic stress 

response and fatigue life. This part of the dissertation was, therefore, aimed at identifying cyclic 

deformation behavior of the low RE containing extruded NZ30K alloy, and evaluating the 

fatigue life under varying strain amplitudes. 

 

8.1 Microstructure 

 

Fig. 8.1 shows typical optical micrographs and SEM back-scattered electron images of NZ30K 

alloy in the as-extruded condition taken at different magnifications. The NZ30K alloy showed a 

bimodal microstructure due to the occurrence of dynamic recrystallization (DRX) in the hot 

extrusion process at 400°C, which consisted of equiaxed recrystallized grains and 
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unrecrystallized coarse grains. A significant number of larger intermetallic compounds were 

mainly present along the grain boundaries in the form of dashed lines, and a large portion of 

these coarse intermetallic phases were broken into small particles and moved from grain 

boundaries to grain interiors during the hot extrusion process, as indicated by arrows in Fig. 

8.1(a). Similar types of microstructures were also reported in extruded Mg-2.4Nd-0.6Zn-0.6Zr 

alloy by Wen et al. [234] and extruded Mg-3Nd-0.2Zn-Zr alloy by Ma et al. [235]. The average 

grain size was approximately 5-7 μm which was fairly small in comparison with the common 

extruded Mg alloys, such as AZ31 and AM30 [25-28,35]. This was due to the role of added RE 

elements and zirconium (Zr) where Zr mainly restricted the grain growth [95]. A similar role of 

grain refinement by other RE elements, e.g., gadolinium [168], yttrium [169], cerium [170], 

neodymium [44,171], has also been reported. Besides, as shown in Fig. 8.1(a) no twins were 

present in the un-deformed samples. Fig. 8.1(b) shows a typical SEM back-scattered electron 

images of the as-extruded sample where a lot of larger particles along the grain boundaries in the 

form of dashed lines and smaller particles within the grains could be better seen. Furthermore, it 

can be seen more clearly from Fig. 8.1(c) and (d) taken at a higher magnification that there were 

some regions in the vicinity of grain boundaries which were free of precipitates - a phenomenon 

referred to as the “precipitate free zone” (PFZ). Similar types of PFZs were also reported in Al-

Zn-Mg alloys [236] and Al-4Cu alloys [237]. The basic difference was that the PFZs in the 

present alloy could be seen at a microscopic level under optical microscope, whereas the 

previous literature showed PFZs at a nanoscopic level using transmission electron microscopy 

(TEM). To better see the intermetallic compounds in the as-extruded alloy, EDS line scan was 

performed as shown in Fig. 8.2(a) and (b), where it showed Nd-containing particles. X-ray 

diffraction pattern obtained from the as-extruded NZ30K alloy as shown in Fig. 8.3 confirmed 
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the presence of two types of Nd-containing particles. Besides the α-Mg peaks, metastable 

Mg12Nd peaks (which was simulated by the suppression of Mg41Nd5 peaks as reported by Zhang 

et al. [238]) and Mg3Nd peaks were detected in the XRD pattern. A similar type of second phase 

(Mg12Nd) was also reported in other Mg-Nd alloys, e.g., in a gravity cast Mg-yNd-xZn-Zr alloy 

by Fu et al. [239], cast Mg-3Nd-0.2Zn-04Zr alloy by Fu et al. [240], and an extruded Mg-Nd-

Zn-Zr alloy by Yu et al. [241].  

  

  

Figure 8.1: Microstructures of extruded NZ30K alloy, (a) and (c) OM images, and (b) and (d) 

SEM back-scattered electron images taken at different magnifications. 
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Furthermore, fine microstructures of as-extruded NZ30K alloy were also identified by three 

zone-axis electron microdiffraction patterns via TEM, as shown in Fig. 8.4. Electron 

microdiffration pattern in Fig. 8.4(b) shows the structure of the particle (A) (Fig. 8.4(a)) which 

was identified as cuboid-shaped (RE-rich) precipitates/particles (face-centered cubic (fcc) with 

a=0.056 nm). In addition, basal plane dislocation slip lines were also observed along <11-20>Mg 

direction as indicated by an arrow in Fig. 8.4(a), which were formed during extrusion. 

 
Figure 8.2: SEM back-scattered electron images indicating (a) EDS line scan position and (b) 

the corresponding EDS line scan results of NZ30K alloy. 
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Figure 8.3: X-ray diffraction pattern of extruded NZ30K alloy. 

  

Figure 8.4: Transmission electron micrographs recorded from a sample of as-extruded NZ30K 

alloy: (a) bright-field image, and (b) corresponding SAED patterns, where beam line was 

parallel to <11-20>Mg. 
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8.2 Crystallographic texture 

 

Fig. 8.5 shows the initial crystallographic textures (pole figures of basal (0001) plane, prismatic 

 plane, and pyramidal )1110(  plane) of the extruded NZ30K alloy evaluated using 

MTEX software where ED stands for the extrusion direction and RD indicates the radial 

direction. A relatively strong concentration (with a maximum intensity of 6.9 multiples of 

random distribution (MRD)) of basal (0001) pole mainly towards the RD, along with prismatic 

 and pyramidal )1110(  poles towards the ED, was observed. This indicates that the c-

axes of most grains were aligned perpendicular to the ED. While one benefit of the RE elements 

added into Mg alloys was to weaken the texture, e.g., Stanford and Barnett [60] reported that 

microalloying with RE elements could weaken texture in the forming process, it seemed that the 

texture in the extruded NZ30K alloy was not sufficiently weakened, in comparison with the 

reported results in other RE-Mg alloys [37, 42,46-50]. This could be related to the presence of 

PFZs (Fig. 8.1) and grainy Mg12Nd precipitates distributed in the intra-crystalline and along the 

grain boundaries as reported by Zheng et al. [242]. A similar higher texture intensity of NZ30K 

alloy has also been reported by Ma et al. [235]. 

 

8.3 Tensile properties 

 

Fig. 8.6 shows the typical stress-strain curves obtained for the extruded NZ30K and GW103K 

alloys at a strain rate of 1×10
-4 

s
-1 

at room temperature and the tensile properties obtained are 

listed in Table 8.1. As seen from Table 8.1, the present NZ30K alloy had a relatively lower 

strength and strain hardening exponent, but an equivalent or slightly higher ductility. In addition, 

)0110(

)0110(
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the NZ30K alloy exhibited a certain degree of yield point phenomenon, in contrast to the smooth 

and continuous stress-strain curve of the GW103K alloy (Fig. 8.6). Similar yield point 

phenomenon on the tensile curve was also been reported for the NZ30K alloy by Ma et al. 

[235,243]. While being slightly inferior to the extruded GW103K alloy  

due to a lower RE addition, the present NZ30K in the extruded state exhibited higher yield 

strength and ultimate tensile strength than the alloy in the cast state [239,240,244,245].  

Figure 8.5: Pole figures of basal (0001) plane, prismatic  plane, and pyramidal )1110(

plane of extruded NZ30K alloy, where ED stands for the extrusion direction and RD indicates 

the radial direction. 

 

Table 8.1: Tensile properties of as-extruded NZ30K and GW103K alloys obtained at a strain 

rate of 1×10
-4

 s
-1

. 

Materials σYS, MPa σUTS, MPa Elongation, % n 

NZ30K 180 225 9.1 0.12 

GW103K 232 318 8.3 0.15 
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Figure 8.6: Typical tensile stress-strain curves of extruded NZ30K and GW103K alloys tested at 

a strain rate of 1×10
-4

 s
-1

. 

 

8.4 Low cycle fatigue properties 

 

8.4.1  Hysteresis loops 

 

Fig. 8.7 shows typical stress-strain hysteresis loops of the first, second, and mid-life cycles at a 

total strain amplitude of 1.2% and strain ratio of Rε=-1 for the extruded NZ30K and AM30 

alloys, respectively. It is seen from Fig. 8.7 that the initial slope in the ascending phase of the 

first cycle was the essentially same in both alloys, indicating that the 3% RE addition did not 

significantly affect the Young’s modulus. As seen from Fig. 8.7, unlike the extruded GW103K 

alloys (Fig. 6.6 and 6.14), the current NZ30K alloy exhibited asymmetrical hysteresis loops in 

shape, which were similar to those of RE-free Mg alloys [25-28,35,125,126]. This asymmetrical 
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tensile and compressive yielding phenomenon was somewhat akin to the Bauschinger-like effect 

[34], which was predominantly associated with the twinning-detwinning process [25-28,129]. It 

is also seen from Fig. 8.7 that the very first cycle showed a stronger Bauschinger-like effect (i.e., 

a flatter curve in the compressive part in the descending phase) than the mid-life cycle. The 

possible reason behind this is that the formation of residual twins gradually became saturated 

near the mid-life cycle [28]. Such an obvious asymmetry or skewness of hysteresis loops in the 

present NZ30K alloy was mainly attributed to the existence of stronger crystallographic texture 

(Fig. 8.5), which caused the occurrence of extension twinning in compression and detwinning in 

tension during cyclic deformation along the ED. Similar twinning-detwinning activities in the 

extruded Mg alloys under cyclic loading were also reported in refs. [25-28,35]. In addition, 

unlike the fcc metals where the slope of hysteresis loops after the strain reversal either at the 

maximum or minimum stress was basically equal to the value of Young’s modulus, the 

pseudoelastic or nonlinear elastic behavior in both descending and ascending phases in the 

NZ30K alloy was still present. It appeared reasonable to consider that the pseudoelastic behavior 

was an inherent characteristic of Mg alloys, which was in essence associated with the superior 

damping capacity. 

 

8.4.2  Cyclic deformation response 

 

Fig. 8.8 shows the evolution of stress amplitudes with respect to the number of cycles at different 

applied strain amplitudes on a semi-log scale. As the applied total strain amplitude decreased, the 

stress amplitude decreased and the fatigue life of the alloy increased. Unlike the extruded 

GW103K alloy (Fig. 6.7) where microalloying with RE elements led to the cyclic stabilization at 
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almost all the strain amplitudes, it seemed that cyclic stabilization was hardly achieved in the 

extruded NZ30K alloy as seen from Fig. 8.8. It exhibited a certain extent of cyclic softening at a 

low strain amplitude of 0.2%. As the applied strain amplitude increased from 0.4% up to 1.0%, 

the alloy showed basically cyclic stabilization within the first ten cycles and then cyclic 

hardening up to failure. At a higher strain amplitude of 1.2%, an initial cyclic hardening within 

the first three cycles and then small cyclic softening could be seen from Fig. 8.8. Again, this 

would also be attributed to the twinning-detwinning activities of this NZ30K alloy, which will be 

presented later. 

 
Figure 8.7: Typical stress-strain hysteresis loops of different cycles at a total strain amplitude of 

1.2% and strain ratio of Rε=-1 for the extruded AM30 and NZ30K alloys, respectively. 
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Figure 8.8: Stress amplitude vs. the number of cycles of the extruded NZ30K alloy tested at 

different total strain amplitudes at a strain ratio of Rε=-1. 

 
Figure 8.9: Plastic strain amplitude vs. the number of cycles of the extruded NZ30K alloy tested 

at different total strain amplitudes at a strain ratio of Rε=-1. 
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In general, cyclic response is governed by the cyclic stability of the microstructural features, 

dislocation glide and multiplication, twinning, and twin-dislocation interactions. The strain 

hardening phenomenon mainly arose from the interactions among the dislocations that impede 

the motion of dislocations [246]. As the basal texture in the Mg alloys facilitated  

extension twinning, which caused a 86.3 rotation of basal planes [16,247]. Such a change in the 

orientation would act as a barrier to the movement of dislocations on the original slip plane and 

caused the formation of dislocations pile-ups, which initiated the back stress and thus resulted in 

the strain hardening [28]. In the low cycle fatigue tests, plastic strain amplitude has been 

considered as a physical quantity that results in several damaging processes and influences the 

internal microstructure which is closely related to the strain resistance and eventually the fatigue 

life [26]. The change of the plastic strain amplitude )2/( p  during cyclic deformation is shown 

in Fig. 8.9, which corresponded well to the change of the stress amplitude during cyclic 

deformation as shown in Fig. 8.8 at different total strain amplitudes. 

 

8.4.3  Fatigue life and fatigue parameters 

 

The fatigue life (i.e., the number of cycles to failure, Nf) as a function of the applied total strain 

amplitudes  of the extruded NZ30K alloy is plotted in Fig. 8.10, along with the 

experimental data reported in the literature for a variety of extruded Mg alloys [26,28,156-159] 

for comparison. Run-out data points were denoted by arrows pointing horizontally at or more 

than 10
7
 cycles. The alloy showed basically a similar fatigue life to that of the RE-free extruded 

Mg alloys within the experimental scatter [26,28,156-159].  

}2110{

 2/t
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Figure 8.10: Total strain amplitude versus the number of cycles to failure for the extruded 

NZ30K alloy, in comparison with the data reported in the literature for various extruded Mg 

alloys [26,28,156-159]. 

 

The fatigue life parameters evaluated on the basis of equs (6.1) and (6.2) are summarized in 

Table 8.2. It is seen that while the obtained fatigue parameters were well within the range in 

other fatigued Mg alloys reported in the literature [26-28,125,152,155], the cyclic strain 

hardening exponent n' of NZ30K alloy was lower than that of GW103K alloy (Table 6.2). This 

corresponded well to the lower monotonic strain hardening exponent n (Table 8.1) and cyclic 

softening characteristics of this NZ30K alloy (Figs 8.8 and 8.9). Fig. 8.11 shows the elastic, 

plastic, and total strain amplitudes plotted as a function of the number of reversals to failure (2Nf) 

in a double-log scale. It should be noted that in evaluating the above fatigue life parameters, the 

run-out data for the fatigue samples without failure at or above 10
7
 cycles were not included. 
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Furthermore, the obtained cyclic stress-strain curve corresponding to the mid-lives of the NZ30K 

alloy tested at varying strain amplitudes is shown in Fig. 8.12 along with the monotonic stress-

strain curve. It is seen that the cyclic stress-strain curve was positioned slightly lower than the 

monotonic one of the extruded NZ30K alloy. The obtained cyclic yield strength (σ'y) and cyclic 

strain hardening exponent (n') of the NZ30K alloy were also slightly lower than the 

corresponding monotonic yield strength and strain hardening exponent, as seen from Tables 8.1 

and 8.2. This could be the reason why the NZ30K alloy exhibited a certain extent of cyclic 

softening at a low strain amplitude of 0.2%. 

 

Table 8.2: Low cycle fatigue parameters obtained for the as-extruded NZ30K alloy. 

 

Low cycle fatigue parameters  Extruded NZ30K 

Cyclic yield strength, σ'y, MPa 165 

Cyclic strain hardening exponent, n' 0.10 

Cyclic strength coefficient, K', MPa 313 

Fatigue strength coefficient, σ'f, MPa 431 

Fatigue strength exponent, b -0.10 

Fatigue ductility coefficient, ε'f 0.24 

Fatigue ductility exponent, c -0.72 
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Figure 8.11: Cyclic total, elastic, and plastic strain amplitudes vs. number of reversals to failure 

of the extruded NZ30K alloy. 

 
 

Figure 8.12: Cyclic stress-strain curve for extruded NZ30K alloy, where the corresponding 

monotonic stress-strain curve is plotted for comparison. 
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8.4.4  Fractography 

 

Fig. 8.13 shows an overall view of typical fracture surfaces at a lower magnification for the 

specimens tested at a strain amplitude of 0.4% and 1.0%, respectively. It is seen that fatigue 

crack initiated basically from the specimen surface. On a close examination at a higher 

magnification (Fig. 8.14), fatigue crack indeed initiated from near-surface defects and the 

fracture surfaces at both strain amplitudes had similar features, i.e., isolated facet of the 

cleavage-like planes near the initiation site. However, the fatigue crack propagation 

characteristics of extruded NZ30K alloy in both strain amplitudes were quite different from those 

of GW103K alloy (Figs 6.11 and 6.12), which were basically characterized by serrated fatigue 

striations observed at higher magnifications (Fig. 8.15). It is known that the occurrence of fatigue 

striations was due to a repeated plastic blunting-sharpening process in face-centered cubic (fcc) 

materials stemming from the slip of dislocations in the plastic zone ahead of the fatigue crack tip 

[224]. The formation of fatigue striations in the HCP alloy was anticipated to be related to both 

dislocation slip and twinning in the plastic zone during fatigue crack propagation [25-28]. It 

should be noted that the fatigue striations were perpendicular to the crack propagation direction. 

A similar type of fracture surfaces was reported in a cast Mg-3Nd-0.2Zn-0.5Zr alloy by Li et al. 

[233]. Furthermore, a visible PFZ was seen from the back-scattered electron images (Figs 

8.15(b), (d) and (f)). 
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Figure 8.13: SEM images of overall fracture surfaces of the extruded NZ30K specimens fatigued 

at a total strain amplitude of (a) 0.4% and (b) 1.0%. 

  

Figure 8.14: SEM micrographs of the fracture surface near crack initiation of the extruded 

NZ30K specimens fatigued at a total strain amplitude of (a) 0.4%, and (b) 1.0%. 

(a) (b) 

(a) (b) 
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Figure 8.15: SEM micrographs (left: SEM images and right: SEM back-scattered electron 

images) of the fatigue crack propagation region of the extruded NZ30K specimens fatigued at a 

total strain amplitude of (a) and (b) 0.4% and (c) and (d) 1.0%. 

 

8.5 Discussion 

 

In polycrystalline alloys, the mechanical properties are directly related to the presence of 

crystallographic textures which dominate the orientation of slip or twinning planes and directions 

relative to the externally applied stress, thus affect the yield asymmetry between tension and 

(a) (b) 

(c) (d) 

PFZ 

PFZ 

PFZ 
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compression [16,182,229]. Since }2110{  extension twinning is a key deformation mechanism in 

Mg alloys [25-28,248], the combination of twinning and crystallographic textures in wrought Mg 

alloys is mainly responsible for the tension-compression yield asymmetry which is commonly 

observed in nearly all RE-free wrought Mg alloys [16,25-28,38-40]. It was also reported by Jain 

et al. [229] that the yield asymmetry is sensitive to textures. As presented earlier in section 8.2, 

the texture of the extruded NZ30K alloy was not sufficiently weakened by the addition of RE 

elements (Fig. 8.5) as compared to the GW103K alloy (Fig. 6.4), along with the presence of 

PFZs (Fig. 8.1) and grainy Mg12Nd precipitates distributed in the intra-crystalline and along the 

grain boundaries. The basic difference between the NZ30K alloy and GW103K was the amount 

of RE elements, i.e., only ~3 wt.% Nd vs. ~10 wt.% Gd and ~3 wt.% Y. As the RE content 

increased, the texture sharpness generally decreased [115]. The differences in both the type and 

amount of RE elements were thus expected to have a strong influence on the texture formation 

which plays an important role in the yield asymmetry of the NZ30K alloy (Fig. 8.7). To better 

see the difference, the stress-strain hysteresis loop of the mid-life cycle of the extruded NZ30K 

alloy is re-plotted in Fig. 8.16, in conjunction with that of both RE-free Mg alloy (AM30) and 

RE-containing GW103K alloy. It can be clearly seen that the hysteresis loop of NZ30K alloy 

exhibited a strong skewed asymmetrical shape similar to that of the RE-free AM30 alloy, unlike 

GW103K alloy (Fig. 8.16). The ratio of the compressive-to-tensile yield stress was ~0.55 for 

both AM30 and NZ30K alloys, as compared to the GW103K alloy where the ratio was almost 1. 

This can again be attributed to the lower amount of RE element in NZ30K alloy. On the other 

hand, as seen from Fig. 8.17 which shows the distribution of deformation twins in the area near 

the fracture surface in the fatigued samples of AM30, GW103K and NZ30K alloys, respectively, 

the grain size of the RE-containing alloys (NZ30K and GW103K) was smaller than that of the 
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RE-free AM30 alloy (Fig. 8.17(b), (c) vs. (a)). However, in the extruded NZ30K alloy the 

smaller grain size did not seem to affect the hysteresis loops considerably, as compared with the 

GW103K alloy (Fig. 6.1). The most striking feature of the NZ30K alloy was the presence of 

PFZs along the grain boundaries (as shown in Figs 8.1, 8.15, and 8.17). This, in conjunction with 

the absence of a high density of nano-sized and bamboo-leaf/plate-shaped β′ (Mg7(Gd,Y)) 

precipitates (Fig. 6.3), increased the tendency of twinning in the NZ30K alloy as indicated by the 

dense residual twins near the fracture surface area (Fig. 8.17(c)), which subsequently led to the 

asymmetric tension-compression hysteresis loops (Figs 8.7 and 8.16). 

 
 

Figure 8.16: Typical stress-strain hysteresis loops of the mid-life cycle at a given total strain 

amplitude of 1.2% and strain ratio of Rε=-1 for the extruded NZ30K, GW103K, and AM30 alloys, 

respectively. 
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Figure 8.17: Optical micrographs in the area near the fracture surface at a strain amplitude of 

1.2%, showing the distribution of deformation twins in the fatigued samples of (a) AM30, (b) as-

extruded GW103K, and (c) as-extruded NZ30K alloys, respectively. 

 

The above results indicated that the effect of 3 wt.% Nd on the overall cyclic deformation 

behavior of the NZ30K alloy was not so strong. The change in the deformation behavior, as 

compared with the high RE-containing GW103K alloy, was mainly related to (i) the presence of 

PFZs (Fig. 8.1), (ii) grainy Mg12Nd precipitates distributed in the intra-crystalline and along the 

grain boundaries (Fig. 8.1), and (iii) the stronger texture (Fig. 8.5). The coupled role of these 

factors was responsible for the hysteresis loop asymmetry (Figs 8.7 and 8.16), the decrease in the 

(a) (b) 

(c) 
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stress amplitude (Fig. 8.8) and the increase in the plastic strain amplitude at a given total strain 

amplitude (Fig. 8.9), while a similar fatigue life was obtained among the NZ30K, and AM30 

alloys within the experimental scatter. 

 

8.6 Summary 

 

Strain-controlled low cycle fatigue tests were conducted on an extruded NZ30K alloy with 

different total strain amplitudes at room temperature. The following key points can be drawn 

from this investigation: 

 

1. The microstructure of the NZ30K alloy consisted of a bimodal microstructure with 

equiaxed recrystallized grains and unrecrystallized coarse grains with an average grain 

size of about approximately 5-7 μm. A large number of smaller second-phase particles 

were present inside the grains and larger particles along the grain boundaries 

accompanied by the presence of characteristic precipitate free zone (PFZ). 

2. Unlike the higher RE-containing GW103K alloy, the NZ30K alloy exhibited basically 

asymmetrical hysteresis loops. This was predominantly due to the presence of the 

relatively stronger crystallographic texture with c-axes perpendicular to the extrusion 

direction, which promoted heavily the twinning-detwinning activities during cyclic 

deformation. 

3. The cyclic stabilization was barely achieved even at the lower strain amplitudes. The 

extruded NZ30K alloy exhibited cyclic softening at low strain amplitudes and cyclic 

hardening at high strain amplitudes. However, the fatigue life of this alloy was observed 
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to be equivalent to that of other RE-free extruded Mg alloys, which could be described by 

the Coffin-Manson law and Basquin’s equation. 

4. SEM examinations revealed that fatigue cracks initiated from the near-surface defects 

and the initiation site contained isolated facet of the cleavage-like planes. The 

propagation was basically characterized by serrated fatigue striations. The PFZ was 

further confirmed from the back-scattered electron images. 
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CHAPTER 9 

SUMMARY, CONCLUSIONS AND FUTURE WORK 

 

9.1 Summary 

 

In this dissertation, monotonic and cyclic deformation behavior of rare-earth containing extruded 

Mg alloys were investigated, with special attention to the effect of the RE element addition on 

the twin formation. First of all, in Chapter 4, the deformation behavior of an extruded GW103K 

alloy in compression along the extrusion direction at different strain levels was investigated, and 

the experimental results regarding the extent of twinning during compression and the effects of 

twinning or detwinning on the strain hardening were presented and discussed. To understand 

better the deformation behavior of RE-Mg alloys, i.e., to describe the flow behavior of RE-Mg 

alloys based on the more commonly-used tensile deformation tests, a modified constitutive 

equation was proposed for the GW103K alloy based on the well-known and highly-cited
3
 

Johnson-Cook model and a recently-proposed strain hardening equation in Chapter 5. 

Comparisons between the predicted and experimental results demonstrated that the modified 

Johnson-Cook constitutive equation was able to estimate the flow stresses for the GW103K alloy 

fairly accurately with a standard deviation of about 1.83%. 

 

As the principal goal of this dissertation was to explore the cyclic deformation behavior of RE-

Mg alloys, strain-controlled low cyclic fatigue tests (LCF) were conducted at different strain 

                                                 
3
 References [199] and [201] about the Johnson-Cook model have been cited 2684 and 1844 times, respectively, 

based on a Google search on August 14, 2014. 
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amplitudes and at different strain ratios (Chapters 6-8). In Chapter 6, the results from the fully 

reversed strain-controlled fatigue tests of extruded GW103K alloy in different heat treatment 

states under varying strain amplitudes were reported and a significant decrease of twinning-

detwinning activities was observed which directly led to a reduction of the unfavorable or 

unwanted tension-compression yield asymmetry of stress-strain hysteresis loops, and an 

improved fatigue life as compared to the conventional extruded wrought Mg alloys. Also, the 

cyclic stress response was much more stable in the RE-containing GW103K alloy. In Chapter 7, 

the low cycle fatigue behavior of extruded GW103K alloy with emphasis on the effect of strain 

ratio was demonstrated. To achieve the aim of this chapter the low cycle fatigue tests were 

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

 

s
-1

. The results obtained confirmed that the strain ratio had a significant effect on the cyclic 

deformation characteristics of the extruded GW103K alloy. For instance, due to the high positive 

mean strain values, a large amount of plastic deformation occurred in the tensile phase which 

could be observed from the hysteresis loops. The fatigue life of the GW103K alloy was observed 

to be the longest in the fully reversed strain control at Rε=-1, and it decreased as the strain ratio 

was deviated from Rε=-1, due to the increasingly larger mean stress. 

 

In Chapter 8, to identify the effect of the amount (e.g., lower than 10wt.%) and type of RE 

elements (Nd, rather than Gd or Y) on the cyclic deformation and fatigue life, fully reversed 

strain-controlled fatigue tests of a recently-developed Mg-3Nd-0.2Zn-0.5Zr (NZ30K) alloy 

under varying strain amplitudes were reported. The results obtained indicated that the cyclic 

deformation behavior of NZ30K alloy was fairly different from that of the GW103K alloy. The 

alloy exhibited basically asymmetrical hysteresis loops due to the presence of the relatively 
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strong crystallographic texture which promoted heavily the twinning-detwinning activities 

during cyclic deformation. The fatigue life of the NZ30K alloy was observed to be similar to the 

RE-free extruded Mg alloys. 

 

9.2 Conclusions 

 

The main conclusions of this dissertation could be summarized as follows: 

 

I. A significant beneficial role of grain refinement has been observed in both RE-Mg GW103K 

and NZ30K alloys. The microstructure of GW103K alloy consisted of uniform equiaxed 

grains due to the occurrence of dynamic recrystallization (DRX) in the hot extrusion process. 

On the other hand, the NZ30K alloy consisted of a bimodal microstructure with equiaxed 

recrystallized grains and unrecrystallized coarse grains. A large number of smaller particles 

were present inside the grains and larger particles along the grain boundaries alongside the 

precipitate-free zone in the NZ30K alloy.  

II. RE-containing particles were present in the GW103K alloy in all the three conditions (i.e., 

as-extruded, T5, and T6 heat treated). After T6 heat treatment, the RE-containing particles 

contained more Zr and had a more rounded shape. In particular, a high density of nano-sized 

and bamboo-leaf/plate-shaped β′ (Mg7(Gd,Y)) precipitates were observed to distribute 

uniformly in the α-Mg matrix.  

III. Microalloying of Mg with RE elements can weaken the basal texture. Relatively weak basal 

fiber textures were formed in GW103K alloys regardless of the heat treatment states, where 

the c-axes of most grains were aligned perpendicular to the ED. However, depending on the 
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amount of RE elements added, the texture sharpness was different, since the NZ30K alloy 

exhibited a fairly strong concentration of basal pole density. 

IV. Three stages of strain hardening were observed in the as-extruded GW103K alloy during 

compression: (1) A rapidly decreasing strain hardening rate up to a strain level of ~4% 

(stage A), (2) a slightly decreasing and almost linear strain hardening rate over an extended 

strain range from ~4% to ~18% (stage B), and (3) a rapidly decreasing strain hardening rate 

(stage C) just prior to failure. 

V. The amount of twins observed in the as-extruded GW103K alloy was much less extensive 

than that in the RE-free extruded Mg alloys due to the weaker crystallographic texture, 

refined grain size, and RE-containing second-phase particles. 

VI. A modified Johnson-Cook constitutive equation was proposed, which was able to estimate 

the flow stresses for the GW103K alloy fairly accurately with a standard deviation of about 

1.83%. 

VII. Unlike the RE-free Mg alloys, GW103K alloy exhibited basically symmetrical hysteresis 

loops in tension and compression, regardless of alloy states (i.e., in the extruded, T5 and T6 

heat-treated conditions), suggesting the absence of the tension-compression yield asymmetry. 

However, NZ30K alloy exhibited basically asymmetrical hysteresis loops which were 

predominantly due to the twinning-detwinning activities during cyclic deformation. 

VIII. The GW103K alloy in different states exhibited cyclic stabilization until failure, whereas the 

cyclic stabilization was barely achieved even in the lower strain amplitudes in the extruded 

NZ30K alloy. This was related to the amount of RE elements addition. 
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IX. The fatigue lives of GW103K alloy were longer than that of the RE-free Mg alloys, and 

could be well described by the Coffin-Manson law and Basquin’s equation. However, the 

fatigue life of NZ30K was observed to be equivalent to that of the RE-free Mg alloys. 

X. SEM examinations revealed that fatigue crack initiated from the specimen surface or near-

surface defects in both alloys, and the initiation site contained some cleavage-like facets. 

The propagation was basically characterized by fatigue striations, in conjunction with some 

secondary cracks. 

XI. The strain ratio had a significant effect on the cyclic deformation characteristics of the 

GW103K alloy. The GW103K alloy exhibited essentially cyclic stabilization until failure at 

all strain ratios even at a fairly high strain amplitude of 0.8%, indicating a beneficial effect 

of adding RE elements. 

XII. The fatigue life of the GW103K alloy was observed to be the longest in the fully reversed 

strain control at Rε=-1, and it decreased as the strain ratio was deviated from Rε=-1, due to 

the increasingly larger mean stress. As cyclic deformation progressed, a certain extent of 

mean stress relaxation occurred in the non-fully reversed strain control (i.e., Rε≠-1 tests). 

 

 

 

 

9.3 Recommendations for Future Work 

 

Traditionally, the yielding, work hardening and fracture behavior of metals are primarily 

characterized using uniaxial testing. The anisotropic behavior of wrought Mg alloys requires that 
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a much wider range of loading paths be examined to provide adequate information for predicting 

the behavior of Mg alloys so as to guarantee the safety, reliability and durability of structural 

components. The present investigation was aimed at studying the mechanical properties and 

fatigue behavior of different RE-Mg alloys. While a number of results have been obtained in the 

present study, there still remained a lot of work that needs to be further done. The following 

points are the recommendations for the future work:  

 

I. Bi-axial or multi-axial fatigue tests for the RE-Mg alloys would be an interesting aspect to 

study the anisotropic behavior of these alloys both in tensile and fatigue modes, since no 

such results have been reported in the literature for these alloys yet. 

II. In the LCF, once the crack initiates, it would propagate quickly due to the high stress level, 

while in the HCF, the crack propagation would consume most of the fatigue life. It is thus of 

interest to study the fatigue crack growth behavior and the related propagation mechanisms 

for these RE-Mg alloys.  

III. Further detailed microstructural characterization of the RE-Mg alloys with or without heat 

treatment, e.g., twin boundary structures, twin-dislocation and twin-precipitate interactions 

at an atomic level, needs to be done using high-resolution TEM, high-temperature XRD, and 

if possible using neutron diffraction as well.  

IV. There were a number of reports describing the appearance and disappearance of twins (also 

known as twinning-detwinning phenomenon) by observing in-situ fatigue deformation in 

some wrought Mg alloys via neutron diffraction. It would be of great interest to carry out in-

situ examinations of the RE-Mg alloys to study the texture formation, twinning-detwinning 

behavior and also internal stresses redistribution during cyclic tests. 
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V. It would be very helpful to predict the cyclic deformation behavior of RE-Mg alloys using 

finite element analysis (FEA) method, along with a quantitative correlation between the 

strain hardening, twinning, and texture of RE-Mg alloys. 
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