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Abstract 
 

In the present work the high cycle fatigue behaviour and quasi-static mechanical properties of 

extruded profiles of newly designed magnesium alloys containing rare earth element, Nd were 

investigated. The study mainly concerned the damage mechanisms under dynamic loading in 

the high cycle fatigue regime. The different damage mechanisms, interactions among them as 

well as their association with microstructural features (i.e. crystallographic texture, 

precipitates and grain size), which have a significant influence on crack nucleation and fatigue 

strength, were established.  

Regarding to damage mechanisms in the high cycle fatigue regime, a strong basal-type texture 

developed in the reference alloy AZ31 causes the extensive formation of {10-12} twinning in 

the half cycle under compression. The twin boundaries act as main crack initiators during the 

further loading cycles. As the {10-12} twinning is the main crack initiator in the AZ31 alloy, 

the best fatigue strength and fatigue ratio were found in the loading direction which less 

favours deformation twinning activity. The experimental alloy ZN11 shows a very weak 

texture which allows basal slip activity independent of the loading direction and, 

consequently, the cyclic slip is considered to be the main crack initiator. For the ZN11 alloy 

the best fatigue properties were found in the direction where the particle stringers reinforce 

the microstructure, rather than in the direction which the deformation twinning activity is 

restricted. It was concluded that despite the significant influence of the crystallographic 

texture on the fatigue damage mechanism, this effect can be partially overlapped by the 

precipitates stringers.  

Concerning the influence of shape and distribution of precipitates, it was found that the basal 

plate precipitates avoid twinning formation without hinder the basal slip activity. On the other 

hand the c-axis rods precipitates hinder the extrusion/intrusion bands activity leading then to 

premature crack formation. Moreover, the precipitates at the grain boundaries nucleated 

deformation twins whereas in the precipitates-free grains a high slip band activity was 

observed. The abundance of rod like and sphere precipitates, at the grain boundary as well as 

inside of the grains, promoted massive {10-12} twinning nucleation. As the deformation 

twins are known to be a potential crack initiator, their extensive formation countervails the 

beneficial effect of the finer grain size such that only a slight improvement on the fatigue 

strength is obtained. 

The results of the present work show that the following microstructural features should be 

reduced to obtain an improved high cycle fatigue behavior of extruded magnesium alloys: the 



 

 

precipitates at grain boundary/particles stringers, deformation twins and large/inhomogeneous 

grain size. 

 



 

 

Kurzfassung 

 

In der vorliegenden Arbeit werden das Ermüdungsverhalten und die Zug- und 

Druckeigenschaften stranggepresster Profile aus neu entwickelten Magnesiumlegierungen 

untersucht, welche Nd als Element der Seltenen Erden enthalten. Die Arbeit beschäftigt sich 

mit den Schädigungsmechanismen unter dynamischer Beanspruchung im 

Dauerfestigkeitsbereich. Es wurden unterschiedliche Schädigungsmechanismen untersucht, 

deren Interaktionen sowie den Einfluss der Mikrostruktur (bsp. der kristallographische Textur, 

der Ausscheidungen und der Korngröße) auf ihre Ausbildung, welche einen signifikanten 

Einfluss auf die Rissentstehung und die Ermüdungsfestigkeit haben.  

Im Hinblick auf Schädigungsmechanismen im Dauerfestigkeitsbereich verursacht eine stark 

ausgeprägte Basaltextur, wie sie in der Referenzlegierung AZ31 gefunden wurde, eine 

erhebliche Ausbildung von {10-12} Zwillingen im Druckspannungszyklus. Die 

Zwillingskorngrenzen wirken im Verlauf der folgenden Zyklen als Hauptrissinitiatoren. 

Daher findet sich die höchste Dauerfestigkeit sowie das größte Ermüdungsverhältnis in dem 

Belastungsbereich der die Zwillingsaktivität am wenigsten begünstigt. Die neu entwickelte 

Legierung ZN11 mit Nd zeigt eine sehr schwache Textur, welche Basalgleitung, unabhängig 

von der Belastungsrichtung erlaubt, wodurch Gleitbänder als Hauptursache für die 

Rissbildung angesehen werden können. Für diese Legierung sind die besten 

Ermüdungseigenschaften in der Richtung zu finden, in der linienförmige Partikel (sogenannte 

„particle stringers“) die Mikrostruktur verstärken, statt in der zu erwartenden Richtung, in 

welcher die Verformungszwillingsaktivität begrenzt ist. Daraus ist zu schließen, dass trotz des 

signifikanten Einflusses der kristallographischen Textur auf die 

Ermüdungsschädigungsmechanismen dieser Effekt teilweise durch orientierte 

Ausscheidungen überlagert wird.  

Des Weiteren kann hinsichtlich des Einflusses von Form und Verteilung der Ausscheidungen 

gezeigt werden, dass platenförmige Ausscheidungen auf den Basalebenen der 

Zwillingsbildung ausweichen ohne die Basalgleitung zu behindern. Andererseits behindern 

stabförmige Ausscheidungen mit c-Achsen-Orientierung (sogenannte c-axis-rods“) die 

Gleitbänder und führen zu einer verfrühten Rissbildung. Ausscheidungen an den Korngrenzen 

wirken sodem als Keime für Verformungszwillinge, während in ausscheidungsfreien Körnen 

eine Gleitbandaktivität zu beobachten ist. Sowohl die Fülle an stabförmigen und 

„sphärischen“ Ausscheidungen an den Korngrenzen als auch innerhalb der Körner 

begünstigen eine massive {10-12}- Zwillingsbildung. Da die Verformungszwillinge als 

potentielle Rissinitiatoren bekannt sind, hebt deren umfangreiche Bildung den nützlichen 



 

 

Effekt der kleineren Korngröße auf, sodass insgesamt lediglich eine leichte Verbesserung der 

Ermüdungsfestigkeit erzielt werden kann. 

Die Ergebnisse dieser Arbeit zeigen, dass Ausscheidungen an Korngrenzen/ linienförmige 

Partikel (particle stringers), Verformungszwillinge und große Körner sowie inhomogene 

Korngrößenverteilungen einen negativen Einfluss auf das Ermüdungsfestigkeitsverhalten von 

stranggepressten Magnesiumlegierungen haben und deren Reduktion sich positiv auf die 

Ermüdungseigenschaften auswirkt.  
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1. Introduction 
 

Due to their low densities and high specific strengths, magnesium and its alloys have great 

potential for use in light-weight structural applications. Further advantages of this lightest 

structural metal include good stiffness, heat conductivity, damping capacity, machinability 

and recycling-ability [1]–[3]. Currently, magnesium alloys are attracting interest more than 

ever as weight-saving components to improve fuel efficiency and reduce greenhouse gas 

emissions in both automotive and aerospace applications [4]–[7]. 

 

Even though the majority of magnesium components are produced by casting processes, such 

products typically contain defects, e.g. porosity, cavities and coarse grains. Such defects cause 

a deterioration of mechanical properties under dynamic and quasi-static loading conditions. 

Therefore, cast products are inappropriate for a number of applications which require high 

performance. Recently, interest in wrought magnesium alloys has been increasing due to the 

fact that they have superior mechanical properties compared to cast magnesium alloys [8]–

[10]. Wrought magnesium alloys usually have finer and relatively homogeneous 

microstructures without common casting defects such as porosity. On the other hand, 

magnesium alloys tend to have limited formability and a strong yield asymmetry due to 

texture effects under tensile and compressive loading at ambient temperatures.  

 

With regard to the strong yield asymmetry under tensile and compressive loading, the main 

reason for this is connected to deformation twinning. At room temperature, twinning plays an 

important role in accommodating plastic deformation, in addition to basal <a> slip [11], [12]. 

Operation of {10-12}<10-11> twinning, which is the easiest twinning mechanism in 

magnesium alloys, is especially favoured under compressive loading perpendicular to the 

crystal c-axis. The activity of twinning is strongly dependent on the sample loading direction, 

the sign of the loading and the crystallographic texture. The mechanical yield asymmetry 

constitutes a considerable disadvantage where design of structural components is concerned.  

 

One way to overcome this yield asymmetry is to utilise alloying additions of rare-earth 

elements. These alloying elements have been shown to suppress the development of the 

strong basal type texture typically found after thermo-mechanical processing of commercial 

magnesium alloys, such as AZ31. In rare-earth containing alloys a weaker texture with a 
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wider distribution of the basal planes is observed. Hence the texture effect on the twinning 

activity and the yield asymmetry can be weakened [13]. 

 

Furthermore, alloying additions of rare-earth elements could assist the activation of non-basal 

slip systems; consequently the room temperature formability would be improved [14]. As the 

formability can be significantly improved by the addition of rare-earth elements to wrought 

magnesium alloys, this class of alloys has great potential for structural applications. 

 

Since many structural components experience cyclic loading during their application, an 

understanding of materials behaviour under such conditions is essential. However, while the 

mechanical properties under quasi-static loading have been extensively studied, only few 

attempts have been made to study the behaviour of wrought magnesium alloys under cyclic 

loading [15]. As the mechanical behaviour under cyclic loading is directly related to safety 

issues and the reliability of structural components, the fatigue resistance of wrought 

magnesium alloys is a property that needs to be investigated and understood. 

 

A considerable number of wrought magnesium alloy components are subjected to moderate 

stress levels for an extremely large number of cycles, which corresponds to the high cycle 

fatigue regime. In high cycle fatigue, the crack initiation process is the controlling mechanism 

determining the fatigue life. Although microstructural features are known to play a key role in 

the crack initiation process [16], the influence of microstructural parameters on the fatigue 

damage mechanisms during crack initiation in wrought magnesium alloys remains unclear. 

 

1.1 Aims of the work 

 

Improvement of the fatigue life of wrought magnesium alloys is only realistic if a significant 

understanding of the influence of alloy composition as well as microstructural features such as 

texture, grain size and the role of precipitates on the fatigue behaviour as well as on other 

mechanical properties is achieved. In particular, identification of the most deleterious 

microstructural features on the fatigue crack initiation process in a given material is essential. 

 

The present work is therefore focussed on analysing the high cycle fatigue behaviour and 

quasi-static mechanical properties of extruded profiles of newly designed alloys containing 

the rare earth element, Nd. A commercially available magnesium alloy, AZ31, served as a 

reference material. The Nd-containing alloy ZN11 (1wt%Zn, 1wt%Nd) is an experimental 
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alloy [17] which is characterised by a weak texture and texture components not usually 

observed in commercially available magnesium alloys, whereas the AZ31 reference material 

is characterized by a strong fibre texture after thermo-mechanical treatment. This fundamental 

difference allows the influence of texture on the fatigue behaviour to be investigated.  

 

In order to achieve this objective, a series of Nd-containing alloys were selected and cast. The 

influence of the alloying elements on the as-cast microstructures was investigated. 

Subsequently, the cast alloys underwent thermomechanical processing, specifically direct and 

indirect extrusion. The influence of extrusion parameters, such as extrusion speed, 

temperature and ratio, on the resulting microstructure and texture was determined. Moreover, 

an additional heat treatment was applied to some selected indirectly extruded alloys in order 

to study the effect of aging on the microstructural stability. The mechanical properties of the 

as-extruded and the aged alloys were determined under both monotonic and cyclic loading 

conditions. From the experimental results, relationships between alloy composition, 

microstructural characteristics and the mechanical behaviour were established. 

 

The main part of the study is concerned with the mechanical response and damage 

mechanisms under dynamic loading in the high cycle fatigue regime. The fatigue behaviour, 

in terms of the fatigue strength and fatigue ratio of the as-extruded and heat treated alloys was 

investigated in relation with the fatigue damage mechanism. The different mechanisms or 

interactions among them, which promote crack nucleation and fatigue strength variability as 

well as their association with microstructural features could be established. By identifying the 

main compositional and microstructural parameters that affect the crack nucleation process, 

their separate influences could be analysed, as follows:  

 

 The influence of alloy composition, crystallographic texture, shape and distribution of 

precipitates and grain size. 

 The determination and classification of the most deleterious microstructure features.  

 

Based on the results of this study, it should be possible to provide guidelines for improving 

significantly the fatigue life of wrought magnesium alloys. Undoubtedly, such knowledge is 

essential where the design of wrought magnesium alloys for structural applications is 

concerned. 
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2. Background 

2.1 Magnesium and deformation mechanisms 

 

Magnesium alloys are very attractive materials from an engineering point of view due to their 

low density, which allows the possibility of weight reduction in metal components, 

particularly in aerospace and automobile applications. The low density (approximately one-

quarter of that of steel and two-thirds of that of aluminium) combined with their typical 

mechanical properties gives rise to a good strength-to-weight ratio. Moreover, they usually 

show good castability, good adaptability to modern fabricating processes and have excellent 

machining characteristics. However, the limited formability at room temperature, which is 

related to the intrinsic characteristics of the hexagonal close packed structure, hinders the 

wide application of magnesium alloys. Moreover, the poor corrosion properties of magnesium 

alloys remain a constant apprehension field for engineers and designers. 

 

Several studies were carried out during the 1950s and 60s with magnesium single crystals in 

order to understand the deformation mechanisms [18], [19]. These studies led to the 

conclusion that only two independent slip systems are activated at room temperature, namely, 

dislocations with ‹a› type Burgers vectors on the basal plane. Consequently, magnesium fails 

to satisfy the Taylor criterion, which requires five independent slip systems for uniform 

deformation [20].  

 

In these same studies, the operation of non-basal slip systems, e.g. dislocation slip on the {10-

10} prismatic and {10-11} pyramidal planes, was also observed [20], since these become 

active at elevated temperatures. With regard to the Taylor criterion, the prismatic slip system 

offers together with basal slip four independent slip modes, while pyramidal slip alone offers 

four independent slip modes. 

 

Another important additional deformation mechanism in magnesium is mechanical twinning. 

The combination of twinning with slip allows the Taylor criterion to be satisfied [21]. 

However, it must be pointed out that twinning is a polar mechanism, which means that it 

allows shear just in one direction and not in both the forward and backward directions. 

Moreover, the twinning shear is very small, e.g. 0.13 for {10-12}<10-11> extension twinning, 
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and the amount of strain that can be accommodated is directly proportional to the twinned 

volume fraction [20]. 

a) b) c) 

 

Fig. 2.1. (a) HCP planes and directions pertinent to (b) slip of dislocations with the ‹a› type 

Burgers vector and (c) slip of dislocations with ‹c+a› Burgers vector and one of the {10-12} 

habit planes of the most common twinning mode [20]. 

 

The most common type of twin in magnesium alloys is the extension twin { 2110 }, but the 

activation of { 1110 } and { 2211 } contraction and secondary twins has also been observed. 

Twinning is strictly related to the extension or contraction of the c-axis in the hexagonal 

structure. If the crystal is subjected to tensile loading along the crystallographic c-axis, {10-

12}<10-11> extension twinning is activated. This twinning mechanism is accompanied by a 

lattice reorientation of 86.3° around the <11-20> axis. On the other hand, if the crystal is 

loaded under compression along the c-axis, then {10-11}<10-12> contraction twinning is 

activated with a lattice reorientation of 56.2 ° along the <11-20> axis. The loading conditions 

which are favourable to the twinning activities are demonstrated in Fig. 2.2. The { 2110 } 

extension twin is the preferred mode in magnesium and its alloys as it has the smallest 

twinning shear among the available twinning mechanisms. In addition, this twinning mode 

requires some small atomic shuffling [22]. 

 

An additional aspect of twinning that must be taken into account is the abrupt reorientation of 

the twinned fraction following the above mentioned misorientation relationships, whereas 

reorientation by dislocation slip occurs gradually. Due to the large misorientation between the 

twin and the matrix, dislocation accumulation occurs at the twin boundaries, such that high 

internal stresses are induced which, later on, can act as crack initiation sites. Therefore, it 
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must be noted that the twinning mechanisms usually need an accommodation mechanism of 

their own so as to reduce the high internal stresses that will lead to failure [20]. 

 

 

a) favourable condition to extension twin 

activity  

 

b) favourable condition to contraction twin 

activity 

Fig. 2.2. Hexagonal crystal packed structure under (a) compression loading parallel to the 

basal plane, corresponding to tension along the c-axis, and (b) tensile loading parallel to the 

basal plane, corresponding to compression along the c-axis [23].   

 

A further mechanism of strain accommodation is untwinning or detwinning which 

corresponds to reversibility of twinning in magnesium. Untwinning is characterised by the 

disappearance of the twinned volume and the associated twin boundaries during unloading 

and / or loading in the reverse direction. In other words, twins can fully disappear or shrink 

into very narrow bands [24]. Deformation occurring by twinning under compressive loading 

can be partially or fully, depending on the amount of strain, reversed by untwinning during 

subsequent tensile loading. Under cyclic loading, therefore, twinning and untwinning appear 

alternately [25]. Deformation produced by the untwinning mechanism is similar to twinning; 

however, the untwinning process does not require twin nucleation [26]. 

 

2.2 Influence of alloying elements 

 

Pure magnesium cannot be used for structural applications due to its low strength and limited 

ductility [27]. Therefore, alloying is used to generate magnesium alloys which are appropriate 

for the desired applications. The mechanical properties of magnesium alloys then become 

superior in comparison to pure magnesium, mainly because of the contribution of 

strengthening mechanisms such as: solid solution hardening, work hardening, boundary 
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hardening and particle dispersion hardening [27]. Moreover, alloying additions also affect the 

castability and corrosion behaviour. 

 

The alloying elements added to magnesium can be divided into two groups: Elements that 

actively influence the castability and elements that actively influence the microstructure of the 

alloy [27]. In the case of elements that influence the melt, e.g. beryllium (lowers the rate of 

melt oxidation) and manganese (< 0.6 wt% Mn, control the iron content and hence the 

corrosion rate of the alloys), the additions do not require high solubility in the melt and are 

active in moderate quantity. Regarding the elements that modify the microstructure of the 

alloy via hardening mechanisms, the elements need to be reasonably soluble in magnesium e. 

g. aluminium, neodymium, zinc, zirconium among others. This group includes elements that 

influence castability. As the alloying elements used in this study are aluminium, neodymium, 

zinc and zirconium, the influence of these individual elements will be summarised below. 

 

Aluminium has a beneficial effect on magnesium since it improves strength, hardness and 

castability of magnesium alloys. Strength and hardness enhancement take place mainly due to 

room-temperature solid solubility of aluminium in magnesium. Magnesium alloys with more 

than 6 wt.% aluminium have an age-hardening response due to precipitation of the phase 

Mg17Al12 (denoted γ by Liang [28]) during thermomechanical process such as extrusion.  

 

Regarding to wrought magnesium alloys containing aluminium, the AZ series (Mg-Al-Zn) 

(Fig.2.3) are the most commonly used as a result of easy extrudability and adequate 

mechanical properties. A very well-known alloy from AZ series is the alloy AZ31 (3wt.%Al, 

1wt.% Zinc). AZ31 is a widely employed wrought magnesium alloy, due to its good strength 

and ductility at room temperature. Commercially, this alloy is normally found as AZ31B, 

which contains about 0.2% Mn in order to improve its corrosion resistance. Manganese is 

added to the melt to neutralize the undesirable effects of iron impurities [29]. The addition of 

manganese even in small amount alters the Al-Mg-Zn system, as can be seen in Fig. 2.4. In 

AZ31B at room temperature not only α (Mg) and γ - phase (Mg17Al12) will be present, as 

would be expected in AZ31 system without Mn, but also the phase Al11Mn4. 
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Fig. 2.4. Mg rich part of the phase diagram of the Al-Mg-Mn-Zn system [30]. 

 

Fig. 2.3. Al-Mg-Zn computed isothermal section at 335°C [28]. 
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The addition of neodymium to magnesium as with other rare-earth elements, results in an 

enhancement of the alloy strength. Small amounts of the rare-earth elements generally 

promote grain refinement and increased plasticity as well as improvements in the high 

temperature strength. The mechanical properties of these alloys rely mainly on possibility of 

solid solution dissolution, which would lead to formation of dispersed particles of RE-rich 

phases in the microstructure [31], [32]. 

 

In wrought magnesium alloys, one of the most important effects of the RE metals is the 

generally observed weakening of the crystallographic texture after thermomechanical 

treatment and, consequently, a reduction in the tension/compression yielding asymmetry. 

Significant factors limiting the extensive use of RE alloying elements are their relatively high 

cost and their restricted solubility in magnesium. 

 

Neodymiun alloyed with magnesium and zinc form the Mg-Nd-Zn ternary system. Zinc 

alloyed with Mg-RE system can significantly improve the strength of these alloys by 

providing solid solution strengthening and age-hardening [33]. 

100

80

60

40

20

0
0 20 40 60 80 100

Mg w%(Zn) Zn
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+Mg3Nd
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Mg3Nd+

T2 +T3

T1+T2 +T3

(Mg)+T1+T2
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Fig. 2.5. Calculated isothermal section of the Mg-Nd-Zn ternary system at 573 K [34]. 
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Zhang [34] investigated experimentally the phases relationships of Mg-Nd-Zn system at the 

Mg-rich region. It was reported the existence of three ternary phases T1: 

(Mg)0,35(Nd)0,05(Zn)0,6 ,T2: (Mg, Zn)0,92(Nd)0,08 , T3: (Mg)0,3(Nd)0,15(Zn)0,55 in the Mg-rich 

region (Fig. 2.5) [34]. According to Zhang [34], the calculated isothermal section at 573 K is 

in good agreement with experimentally measured equilibria data. Regarding the diagram 

exhibited in Fig.2.5, if the Zn content does not exceed 5 % wt. mainly phases rich in Mg and 

Nd (i.e. Mg41Nd5+(Mg)+Mg3Nd and Mg3Nd+(Mg)+T2 ) are likely to occur.  

 

As mentioned previously, a general effect of zinc additions to magnesium alloys is the 

strengthening. Therefore, this element is extensively used in commercial magnesium alloys. 

Zinc is often used in magnesium alloys in combination with aluminium e.g. in AZ31. When 

added to binary Mg-Al alloys system, zinc reduces the solid solubility of aluminium in 

magnesium. Zinc can also replace aluminium in the γ-phase due its similar structural 

parameters. Moreover, no new phases are formed if in the ternary Mg-Al-Zn alloys the 

aluminium-to-zinc ratio is greater than 3:1. 

 

The strengthening of Mg-Zn alloys is related to grain refinement, solid solution strengthening 

and at higher Zn contents, precipitation hardening [27], [35], [36]. The extensive hardening 

shown by Mg-Zn alloys (0.5-2.6 at% Zn) has also been attributed to short-range order (SRO) 

on the basal plane. SRO is an athermal strengthening mechanism [37], [38], [31], [32], 

therefore it can be expected to interfere with the thermal activation driving solid-solution 

softening, thus gradually compensating softening effects at high concentrations. However, 

zinc contents greater than 1 % increase the amount of low melting point eutectic phases and 

lower the solidification temperature, which may lead to hot crack formation [27], [39] 

Moreover, zinc contents greater than 2 % can lead to crack formation during welding 

processes. In combination with zirconium, however, alloying additions of zinc provide 

strengthening and increased ductility [39]. In addition, zinc enhances the corrosion properties 

of magnesium alloys [39]. 

 

The main benefit of alloying additions of zirconium to magnesium alloys is undoubtedly the 

dramatic grain refinement observed in as-cast alloys. This effect is enhanced if zirconium is 

used in combination with zinc, rare-earth, calcium, or thorium additions [40]. On the other 

hand, this grain refinement can only occur in the absence of Al, Mn, Sn, Sb, Ni, Fe, Co, or Si 



2. Background 

11 

[39] since these elements form intermetallic phases with zirconium and therefore suppress its 

effect.  

 

Further benefits of zirconium additions include enhancement of the elimination of excessive 

grain growth during high temperature heat treatments. It has also been reported that zirconium 

additions lead to the development of fine grained structures during the welding of magnesium 

alloys and minimizes the loss of ductility in these materials [39]. 

 

The grain refinement by zirconium in magnesium is fundamentally attributed to the peritetic 

mechanism [43]. The peritetic reaction at 654°C (Fig. 2.6) generates Zr-rich cores, which 

exist in most of magnesium grains. These cores are result of peritetic solidification where Zr-

rich magnesium solidifies first when magnesium is nucleated by the primary Zr particles [44].  

These Zr-rich cores are less than 15 μm in size and appear with a nearly spherical or elliptical 

form, several of them contain a tiny particle in their central regions [44]. 

 

Zirconium is a very effective grain refiner in magnesium alloys even at low levels of soluble 

zirconium. The latter is attributed to undissolved zirconium particles, which also play a 

 

Fig. 2.6 Mg-Zr binary phase diagram[41], [42]. 
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fundamental role in grain refinement. In fact grain refinement of magnesium alloys is ruled by 

both soluble and unsoluble zirconium contents [43]–[46].  

 

In magnesium alloys containing zinc, in addition to grain refinement, zirconium enhances the 

microstructure homogeneity by making the grains round. In these alloys zirconium also 

reduces the amount of eutectic at grain boundaries, which results in more available zinc to 

solid solution strengthening [46].  

Zn, mole fraction
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0 0.2 0.4 0.6 0.8 1α-Mg Liquid MgZn Mg2Zn3

Zn2Zr3
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(Mg,Zn)2Zr

(Mg,Zr)Zn2

 

Fig. 2.7. Isothermal section of Mg-Zn-Zr ternary system at 345°C [47]. 

 

Alloyed with Mg and Zn, zirconium forms the ternary system Mg-Zn-Zr known as ZK series. 

Ren et al.[47] investigated experimentally this ternary system in an intermediate range of 300-

400°C, due to the fact that Mg-Zn-Zr alloys undergo thermomechanical processing (i.e. 

extrusion) in this temperature range. An isothermal section of Mg-Zn-Zr ternary system at 

345°C revealed the existence of three intermetallic compounds in this system: ZnZr, Zn2Zr3, 

(Mg, Zn)2Zr, and a liquid phase in equilibrium with the α-Mg phase. Moreover, the presence 

of two other three-phase regions in equilibrium, Liquid + MgZn + (Mg,Zn)2Zr and MgZn + 

Mg2Zn3 + (Mg,Zr)Zn2, were also observed [47] (Fig. 2.7). The addition of zinc considerably 
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increases the solubility of Zr in the α-Mg matrix and Zirconium has the reciprocal effect on 

Zn solubility in the α-Mg matrix [47].  

 

2.3 Extrusion of magnesium alloys 

 

Wrought products are obtained by working a metal into the desired shape using processes that 

include extrusion, rolling and forging. Since extrusion is used as the shape-giving process in 

this study, the advantages and limitations of this process applied to magnesium alloys will be 

described in detail in this section. 

 

As one of the basic shape-giving technologies for metals and alloys, extrusion enables the 

production of long profiles with uniform cross sections [48]. An extrusion process can be 

direct and indirect and both processes have extensive use. In the extrusion process, a billet is 

placed into a container and pushed or drawn through a die which is a negative of the profile’s 

shape. The processing parameters during extrusion are the temperature, extrusion speed and 

extrusion ratio; in addition, die preparation and lubrication are also of great importance. 

 

Magnesium alloys are normally extruded in the temperature range between 300-450 °C [49] 

with extrusion speeds in the range 0.5-2.5 m/min. These ranges of temperature and extrusion 

speed are below the range applied for example in aluminium alloys. The maximum process 

temperature usable for magnesium alloys is extremely dependent on the alloy composition. 

Since alloying elements in magnesium tend to lower the solidus temperature, larger amounts 

can cause a higher susceptibility to hot cracking [50]. An additional negative aspect of the 

extrusion of magnesium alloys at higher temperatures is the decrease in strength, which is 

mainly attributed to grain coarsening. 

 

A further challenge in the extrusion of magnesium alloys is related to the extrusion speed 

because plastic deformation causes internal friction and friction between billet, container wall 

and die, which leads to an increase in temperature of the billet. This temperature rise is 

directly proportional to the extrusion speed. Depending on the alloying content, the extrusion 

speed has to be limited in order to avoid the melting of low melting point intermetallic phases 

such as in alloys containing aluminium and zinc. Consequently, extrusion speed is a critical 

parameter for AZ-alloys, since the aluminium content defines the extrusion speed that can be 

used. In other words, the higher the aluminium content the lower the extrusion speed, e.g. the 

alloys AZ80A and AZ61A can be extruded at maximum extrusion speeds of 3 and 5 m/min 
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respectively, otherwise hot cracking may occur. Therefore as a general rule, an increment in 

the amount of alloying elements requires a lower extrusion speed. However, extrusion at low 

temperatures is also difficult, since the low ductility of magnesium alloys leads to cold-

cracking [51]. 

 

On the subject of extrusion of magnesium alloys, a compromise must be found between 

extrusion speed/temperature and the mechanical properties, in order to achieve economic 

efficiency and simultaneously good mechanical properties in commercial extrusion products 

[48]. In general, wrought magnesium alloys have superior mechanical properties in 

comparison to cast alloys mainly due to their finer microstructures and the absence of porosity 

[38]. On the other hand, wrought magnesium alloys tend to exhibit a tension-compression 

yield asymmetry which is caused by the strong texture developed during thermomechanical 

processes such as extrusion [10]. The yield asymmetry leads to an intrinsic plastic anisotropy, 

low elongation and limited formability (Fig. 2.8). 

 

a)                     b)                                                      c) 

 

 

 

 

 

 

 

Fig. 2.8. AZ31 - commercial alloy: a) Typical orientation distribution of magnesium crystals 

after extrusion resulting in b) inverse pole figure of profile after extrusion, c) yield 

asymmetry [17]. 

 

Overcoming this problem is fundamental to the widespread commercial acceptability of 

magnesium alloys. Currently this is therefore the main objective of several research groups 

worldwide. It has already been reported that the yield asymmetry is directly related to the 

operating deformation mechanisms, especially mechanical twinning [11], [12], [52], [53]. 

Consequently, if twinning can be suppressed the asymmetry may be reduced [54]. A number 

of studies have also reported that grain refinement leads to a reduction in the yield asymmetry 

[55]. This observation is also related to twinning, since twinning becomes less favourable 

when the grain size is reduced. Other papers that have reported a reduction in yielding 
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asymmetry showed that high temperature, particularly at high extrusion speeds, results in 

dynamic recrystallization and undesirable grain growth. One alternative to overcome grain 

growth would be to perform extrusion at low temperatures; however, as mentioned above, 

other problems may occur [56]. 

 

Another more promising solution could be the formation of second-phase particles during 

extrusion resulting from dynamic recrystallization. Such particles, located mainly at grain 

boundaries are supposed to pin the boundaries thus restricting grain growth in the extruded 

material [57], [58]. 

 

Recently, several studies have reported that alloying with rare-earth elements can lead to the 

suppression of the development of a strong fiber texture during thermomechanical treatment. 

Even magnesium alloys with small amounts of RE elements in combination with zinc clearly 

show weaker textures and more randomly oriented basal planes [14], [59] and the absence of 

the yield asymmetry (Fig. 2.9).  

a)                  b)                                                            c) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.9. ZN11 - magnesium alloy containing rare-earth element: a) Typical distribution of 

magnesium crystals after extrusion resulting in b) inverse pole figure of profile after 

extrusion, c) absence of yield asymmetry [17]. 

 

 

Although the main effects of the RE elements on the resulting texture during recrystallization 

are well-known, the mechanisms involved are not completely understood [60], [61]. Several 

authors have attributed the weakening of textures in these alloys to the recrystallization 

process, which is profoundly affected by the presence of RE elements [60]. A possible 

mechanism leading to texture weakening is particle-stimulated nucleation (PSN) of 

recrystallization. In this case, the alloying elements are responsible for a suitable distribution 
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of particles [13]. Recent publications corroborate that PSN is an important mechanism in the 

development of a weaker texture during extrusion; however, this mechanism does not appear 

to dictate the final texture [62].  

 

The contribution of shear bands to the weakening of texture has also been investigated [63]. 

The presence of shear bands contributed to a randomization of the texture, due to the fact that 

recrystallized grains formed within the bands exhibit a more random texture compared to the 

adjacent unrecrystallized area.  

 

2.4 Recrystallization in magnesium alloys 

 

Recrystallization often occurs during the thermomechanical processing of magnesium alloys. 

The recrystallization process influences the as-extruded microstructure, crystallographic 

texture as well as the mechanical properties; consequently a basic understanding of this 

phenomenon is required for the development of magnesium alloys. A schematic overview of 

the various recovery and recrystallization processes that occur during the annealing of 

deformed materials is shown in Fig. 2.10. 

 

During deformation, the free energy of crystalline materials increases due to the presence of 

dislocations and interfaces. From the thermodynamic point of view, theoretically, these 

defects should disappear spontaneously. However, in reality, the required atomistic 

mechanisms are extremely slow at low temperatures, which results in the retainment of 

unstable defect structures after deformation [64]. It is worth pointing out that there is a lack of 

information in the literature on intensively cold deformed magnesium alloys due to the fact 

that magnesium alloys show limited formability at low temperatures [65]. When the material 

is annealed, thermally activated processes may occur, resulting in the removal or 

reorganization of the defects into lower energy configurations. When a cold worked material 

is annealed, its microstructure and consequently properties may return almost to their original 

values. This process of recovery, in which the annihilation and rearrangement of dislocations 

takes place, usually leads to a partial restoration of properties, due to the fact that the 

dislocation structure is not completely removed, but reaches a metastable state. (Fig. 2.10b). 
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(a) (b)

(c) (d)

(e) (f)
 

Fig. 2.10. Schematic diagrams illustrating the main 

annealing processes a) deformed state, b) recovered, 

c) partially recrystallized, d) fully recrystallized, e) 

grain growth, f) secondary recrystallization [64]. 

 

 

Another restoration process that may take place, by which new dislocation-free grains are 

formed within the deformed or recovered structure is recrystallization.  Recrystallization is an 

effective method to produce a completely new microstructure with modified grain size, shape 

and texture[64]. The annealing temperature has a fundamental effect on recrystallization [65]. 

The recrystallization temperature is defined as the annealing temperature at which 95 % 

recrystallization occurs in 1 hour [66]. The driving force for recrystallization is provided by 

the stored energy of the dislocations introduced during deformation (Fig. 2.10c). In this 

process the old grains are consumed and a new grain structure with low dislocation density is 

nucleated in the deformed structure [9], [64]. Therefore, the orientation of the new grains 

formed is in accord with that of the deformed structure [67]. Recrystallization that takes place 

during annealing is called static recrystallization.  
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When recrystallization occurs simultaneously during deformation, in general at elevated 

temperatures, it is then referred to as dynamic recrystallization (DRX). Several investigations 

have shown that magnesium alloys undergo dynamic recrystallization during hot working 

processes [68]–[70]. In addition, dynamic recrystallization is believed to be dominant in 

materials with low stacking fault energy, such as magnesium, while in materials with high 

stacking fault energy dynamic recovery is favoured [64]. In order to achieve good mechanical 

properties, the grain size must remain fine and the DRX volume must be enhanced, 

consequently a microstructure with high homogeneity is likely to be formed. 

The dynamic recrystallization process can be further classified into continuous (CDRX) and 

discontinuous (DDRX) processes. Usually, the continuous process corresponds to a recovery 

process in which a progressive increase in grain boundary misorientation occurs and a 

conversion of low angle boundaries into high angle boundaries may be realized. The 

discontinuous recrystallization involves the nucleation of new grains, at prior grain 

boundaries, and their subsequent growth. DDRX is more likely to occur if the initial grain size 

is large enough for crystallographic slip to be heterogeneous. In magnesium alloys, due to the 

lack of easily activated slip systems, the operation of DDRX is favoured [64].  

The intentional use of second-phase particles to modify the textures developed during 

thermomechanical processing and control the grain size by influencing recrystallization has 

been attracting much interest in magnesium alloys. Indeed, particles are a key element in 

recrystallization processes and, depending on their size and volume fraction can either support 

or restrict recrystallization [64], [71]. 

 

In other alloy systems, the effect of large particles in promoting recrystallization via particle 

stimulated nucleation (PSN) is well known and documented [64]. With regard to magnesium, 

the occurrence of PSN has been reported [13], [72], [73] and involves rapid sub-boundary 

migration in the deformation zone. 

 

The deformation zone can be described by lattice rotations and consequently encloses a 

misorientation gradient. The occurrence of PSN is favourable when the accumulation of 

misorientation by rapid sub-boundary migration is high enough to create the required high 

angle boundaries. Subsequently, new grains are formed, which may grow to generate a 

recrystallized grain or will stagnate instead [64], [71]. 
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The most beneficial feature offered by recrystallization via PSN is that grains nucleated 

usually assume different orientations to the originally deformed grain. This feature may be 

very helpful, mainly for wrought magnesium alloys, to overcome the formation of fiber 

textures after thermomechanical processing [64]. 

 

Twinning can also play a significant role in dynamic recrystallization. Although 

thermomechanically processed magnesium alloys tend to show strong basal textures, 

favourable to tensile twinning formation, compression twinning is the favoured site for 

recrystallization. This occurs mainly due to the inhomogeneous, localized deformation areas 

in basally oriented grains [74]. These areas continue to go through microstructural and 

orientation changes, becoming then effective nucleation sites [11], [12], [75]–[77]. In 

contrast, the deformation strain induced by tensile twinning and basal slip is very low. 

Additionally, basal slip produces a stable microstructure and the tensile twins are 

characterized by mobile twin boundaries. These are not suitable nucleation sites for 

recrystallization, because high strains are not accumulated locally. 

 

Although recrystallization eliminates dislocations, grain boundaries still remain in the 

microstructure. Subsequent annealing will promote grain growth and the elimination of 

smaller grains [64]. The driving force for this process is the free energy reduction obtained by 

the elimination of grain boundary area. As a consequence the larger grains survive and their 

grain boundaries adopt low energy configurations. A further process called secondary 

recrystallization (Fig. 2.10f) may also occur, in which a few large grains will grow, resulting 

in abnormal grain growth [64]. 

 

2.5 High cycle fatigue, fatigue limit and fatigue resistance  

 

Since the present study deals with the high cycle fatigue behaviour, the corresponding fatigue 

mechanisms, e.g. fatigue crack initiation, fatigue limits, fatigue resistance, and the influence 

of microstructural features are described in the following sections.  

 

Usually, the fatigue resistance of a given material can be significantly increased by decreasing 

the grain size, while the resistance to crack propagation will be increased by increasing the 

grain size [78].  
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In polycrystalline materials, microstructural features such as grain boundaries, inclusions, or 

twin boundaries, as well as surface defects such as notches and machining marks, can act as 

stress concentration sites. These microstructural features, independently or in combination, 

can instantly initiate a small crack. Due to the numerous microstructural features present in a 

polycrystalline material and thus numerous stress concentrations sites, some authors assume 

that the crack initiation phase does not exist in polycrystalline materials [79], [80].  

 

However, many authors define the crack initiation process as a function of the number of 

cycles required to initiate the smallest crack that can be detected by any means [81]. In this 

study, the crack initiation phase is defined as the process of forming a fatigue crack of a 

length that is on the order of a grain size or less [82] (Fig. 2.11). 

 

 

Fig. 2.11. Regime of microstructurally short crack (a is the crack length and rp is the plastic 

zone size). This type of crack requires its own form of mechanics to characterize propagation 

behaviour: Microstructure Fracture Mechanics (MFM) [79]. 

 

In the crack initiation phase, microstructural barriers to dislocation slip are not beneficial 

because they may assist the development of local stress concentrations. However, they can be 

very helpful during the crack propagation phase. If non-propagating cracks exist at stress 

levels below the fatigue limit, even if the surface is well polished, favourable conditions for a 

small crack (1 μm) are likely to occur. Such a crack can immediately propagate if the resolved 

applied shear stress is in accordance with the critical slip system of the material. In fact, 

several shear cracks may exist in a material; however these cracks will be unable to propagate 

owing to the effect of the microstructural barriers. The latter will be able to stop the crack if 
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the stress level is low, on the other hand if the stress level is increased the crack will be able to 

pass through the microstructural barrier and continue its propagation [79], [82]–[86]. 

 

 

a)  

b)  

Fig. 2.12. a) Initial crack of stage I must propagate into six near neighbour grains 

involving different planes, different directions of crack growth, and different 

intensities of barriers; b) as crack progresses, strength of barrier diminishes in 

radial and tangential direction [79]. 

 

In other words, the crack may propagate until it finds the microstructure barriers, which may 

decelerate the crack. Deceleration happens due to the fact that when a crack finds a 

microstructure barrier, the crack has to change its original direction leading to crack energy 

dissipation. As a result of this process, the fatigue limit of a metal is defined by the inability 
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of a crack to propagate. At stress levels near to the fatigue limit, which indicate low stress 

levels, the initial crack will be able to grow very fast in the largest grain ( Stage I, Fig. 2.12a), 

but will have difficulty in maintaining its growth (Stage II, Fig. 2.12b) being then arrested by 

the obstacles (microstructural barriers). The fatigue limit will be reduced by increasing the 

distance that a crack can grow prior to meeting the strongest obstacle in its pathway and in 

this manner increasing the concentration of its crack tip stress-strain field [79]. Consequently, 

the transcrystalline crack located in the largest grain develops further into the failure crack. 

Thus, in a coarse grained material with various slip systems, stage II of crack progress can be 

easily reached and the creation of a fatigue limit will become increasingly difficult, if not 

impossible. 

 

 

Fig. 2.13. Fatigue resistance indicated in terms of the transition of an initial stage I (shear 

crack, two dimensional crack) to a stage II crack (tensile opening crack, three dimensional 

crack) [79]. 
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The fatigue resistance is quantified as the resistance to crack propagation offered by the 

material (Fig. 2.13). In short, the fatigue resistance corresponds to the difficulty with which a 

crack passes from stage I to stage II. To achieve a high fatigue resistance, therefore, it is vital 

to introduce several variable microstructural barriers to hinder or prevent the evolution of a 

stage II crack. The main parameters that influence the fatigue resistance are the intensity and 

spacing of microstructural barriers and the plastic zone size at the crack tip [79]. 

 

The intensity and spacing of microstructural barriers is related to the power of microstructural 

features in hindering crack propagation. If many microstructural barriers are present, they will 

lead to crack deflection, consequently the fatigue resistance is high [79]. 

 

The plastic zone size at a crack tip is strongly related to the cyclic stress – strain curve. If a 

material exhibits a high yield strength and cyclic strain hardening behaviour, it will show a 

smaller plastic zone size and a smaller crack growth rate. The latter will lead to higher fatigue 

resistance. Materials that exhibit low yield strength and cyclic softening tend to exhibit larger 

plastic zone sizes and consequently higher crack growth rates [79]. 

 

2.6 Crack initiation mechanisms  

 

As crack initiation mechanisms play an essential role in the high cycle fatigue regime, the 

main crack initiation mechanisms will be summarised in this section. 

 

Fatigue cracks are generated as a result of local plastic deformation during cyclic straining 

[82]–[84], [86]. Even in materials without pores or inclusions, fatigue cracks can initiate as a 

result of persistent slip bands (PSBs). PSBs (see Fig. 2.14) are a consequence of the activity 

of irreversible dislocation glide under cyclic loading. PSBs, extrusion/intrusion bands, are 

developed in surface grains which are favourably oriented for slip [87]. The fatigue cracks 

initiated by PSBs are stage I cracks, which form on the active slip plane which is oriented at 

an angle to the stress axis, e.g. 45 °. During further loading, the cracks induced by PSBs will 

grow and some of them become stage II cracks [83]. Generally PSBs form in large grains 

having high Schmidt factors [88]–[90]. 
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Fig. 2.14. Persistent slip bands (PSB) in a polycrystal: The PSB forms 

across a grain of size L and given orientation (Schmid factor) and 

intersects a pair of GBs. The static extrusions are formed from the 

interaction between GBs and PSB [91]. 

 

Fatigue crack initiation can also occur at grain boundaries, which may be subject to 

environmental influences or impurity segregation, or at brittle intermetallics [16]. However, 

cracks may initiate at grain boundaries even in the absence of these features mentioned. 

Fatigue crack initiation at grain boundaries can occur as a result of slip impediment [86]. 

Grain boundaries or twin boundaries represent obstacles to dislocation movement, since they 

are high angle grain boundaries (HAGBs, misorientation angles > 15 °) [92]. It is important to 

point out that PSBs can transmit through low angle grain boundaries (LAGBs, misorientation 

angles < 15 °) [93]–[95]. 

 

As dislocation movement is hindered by HAGBs, dislocation pile-ups, plastic 

incompatibilities and consequently local stress concentrations may occur. One way to relieve 

these local stress concentrations is the formation of extrusion/intrusion bands, Fig. 2.14. As 

the number of cycle increases, the height of the extrusion bands increases until crack 

nucleation at the PSB-GB interface takes place. 

 

In addition, fatigue cracks frequently initiate at other sites of stress concentration, such as 

pores or inclusions. Texture may also have a significant influence on fatigue crack initiation. 

Alloys which contain grain clusters, i.e. many grains with similar orientations, exhibit the slip 

characteristics of a single grain. Moreover, residual stresses resulting from surface preparation 

and surface finishing may also have a considerable influence on fatigue crack initiation [16], 

[96]. In a polycrystalline material, a variety of microstructural features such as planar slip 

bands, grain boundaries, twin boundaries, inclusions, etc. are present and can act as potential 
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sites for fatigue crack initiation. Consequently, fatigue crack initiation mechanisms may occur 

individually, together or more probably competing among them [91]. 

 

2.7 Experimental fundamentals  

 

In this section a description of the methods applied to global and local texture measurement 

will be given. Information on theoretical fundamentals of these methods is also included.  

 

A pole figure goniometer basically consists of a four-axis single crystal diffractometer. The 

goniometer places a detector with respect to the incident X-ray beam at the proper Bragg 

angle 2θ. In the extensively used Eulerian cradle the sample is positioned relative to the X-

ray beam by rotations about the three perpendicular axes φ (sample rotation), χ (sample 

tilting) and ω, the ω-axis coincides with θ. The 2θ coincides to the angular position of the 

detector [97]. Stepping motors, controlled by a personal computer, allow positioning of the 

four axes 2θ, ω, χ, and φ (within a certain range to avoid mechanical collisions) to any 

arbitrary angular position. 

 

Source

θ

χ

Detector

Φ
ω

 

Fig. 2.15. Bragg-Brentano geometry with a divergent x-ray beam focused on the detector 

[97]. 

 

In the reflection geometry, a sample with a flat surface is mounted on the sample holder with 

its normal direction parallel to the axis of the φ -rotation .Then; it is rotated in its plane about 

the φ axis, so that the angle φ corresponds to the azimuth angle β in the pole figure. After one 

full rotation, the sample is moved to the next χ –position to cover the whole radial angle in the 

pole figure. For geometrical reasons, however, e.g. defocusing and no reflection at χ  = 90°, a 

pole figure is measured up to 70 ° - 80 ° of radial angle.  
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In most applications, ω is kept constant at 0 °, so that the χ -circle is symmetrical between 

incoming and diffracted beams, i.e. it is positioned at the Bragg angle θ. This arrangement is 

referred to as the Bragg-Brentano (Fig. 2.11) focusing condition for reflection geometry [98]. 

 

The results of texture measurements are plotted by using stereographic projections and the 

plots generated are referred to as pole figures (PF). In a pole figure, a crystallographic plane is 

fixed (e.g. 2θ fixed) and then the distribution of the crystallographic planes around the sample 

axis is drawn. Consequently, pole figures show the statistical distribution of the normal to the 

given hkl plane [99]. 

 

Another stereographic projection is the inverse pole figure (IPF). In an IPF the sample axis 

(e.g. extrusion direction) is fixed, and the distribution of each crystallographic plane 

corresponding to (or along) this sample axis is drawn. This cannot be measured, therefore, 

ODF calculation is necessary. The ODF can be derived from the conventional pole figure data 

of the corresponding sample [98]. 

 

 

Fig. 2.16. Inverse pole figure in the extrusion axis of extruded AZ31 [17]. 

 

As an example, an inverse pole figure from an AZ31 round bar produced by extrusion is 

shown in Fig. 2.16. The texture exhibits a high concentration of the <10-10> poles in the 

extrusion axis. This indicates that the basal plane normals are perpendicular to the extrusion 

axis, as is frequently observed in pure magnesium and AZ-series magnesium alloys after 

round bar extrusion. Even though it is well known that in uniaxially deformed samples a fiber 

texture is present, this information cannot be obtained from Fig. 2.16 for the reason that the 

inverse pole figure only exhibits the orientation of one reference axis- here the extrusion axis-

whereas rotations about this axis are not considered. Therefore, for a total representation of 

the 3-D orientation distribution, the orientations of two reference axes, at least, would be 

required [98]. 

m.r.d 

0.5 1.0 2.0 3.0 4.0 5.0 6.0 7.0 7.5 
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The Electron Backscatter Diffraction (EBSD) technique is a method which allows 

crystallographic information to be achieved from samples in the scanning electron microscope 

(SEM). In EBSD, a stationary electron beam strikes a tilted crystalline sample (inclined at 

about 70 °) and the electrons disperse under the surface and diffract along the crystallographic 

planes. The diffracted beams generate a pattern composed of intersecting bands termed 

electron backscatter patterns, so called back scattered Kikuchi pattern [100]. The paths of the 

diffracted electrons are situated on the surface of diffracted cones. The diffracted electrons 

can be registered by on a fluorescent screen near to the sample inside the SEM chamber. A 

line can be seen where a cone of electrons diffracted by the corresponding crystallographic 

plane crosses the screen [100] (Fig. 2.17). 
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incident
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lattice
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2.17. Origin of Kikuchi lines from the EBSD (i.e. tilted specimen) 

perspective [98]. 

 

The characteristics of the lines, such as intensity and position, depend on the crystallographic 

features. The latter corresponds to which crystallographic planes are oriented in a favourable 

diffracting position. The conjunct Kikuchi bands form a Kikuchi pattern. The Kikuchi 

patterns contain information on lattice orientations, due to the fact that each band in the 

Kikuchi pattern correspond to a specific set of diffracting planes in the volume of the sample 

[100]. The bandwidth is a function of the lattice plane spacing dhkl and, hence, 2θ, whereas the 

band median represents the trace of the diffracting lattice plane. Identification of the Kikuchi 

bands is complex due to intensity variations, background effects and band quality. By 

employing Hough transforms, an automatic identification process for Kikuchi patterns is 
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possible. The Hough transformation converts the bands into image points in a so called Hough 

space. The latter is then easier to be identified and localized in automatic image processing 

[100], [101] 

 

In Fig. 2.18, a general set up for EBSD measurements is illustrated. After identifying the 

Kikuchi bands with the aid of the Hough transformation, the angles between the bands are 

determined and finally the indexing is processed. The indexing process comprises a 

comparison of the information derived from the Kikuchi bands with the theoretical values 

from reflectors in known phase references tables. 
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Fig. 2.18. The experimental set up for EBSD [102]. 
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3. Experimental Details 

3.1 Alloy compositions, casting and heat treatment 

 

The nominal chemical compositions of the alloys examined in the present study are listed in 

Tab. 3.1. The widely used commercial magnesium alloy AZ31 served as reference material, 

since the results of several scientific investigations on this alloy are available in the literature. 

The experimental alloys ZN11 and ZN00 contain zinc and the rare-earth element neodymium. 

ZN00 with its lower concentrations of Zn and Nd was selected in order to investigate the 

influence of particles and grain size on the crack initiation mechanisms, since a smaller 

amount of particles is expected after extrusion with the same process conditions, in 

comparison to ZN11. 

 

Table 3.1. Nominal chemical composition of the alloys (wt. %) used in the study. 

Alloy Al Nd Zn Zr Mg 

AZ31 3 0 1 0 Balance 

ZN11 0 1 1 0 Balance 

ZN00 0 0.5 0.5 0 Balance 

ZNK111 0 1 1 1 Balance 

 

The last experimental alloy in Table 3.1 is ZNK111, which contains an addition of zirconium 

in order to achieve a finer grain structure compared to the other zinc and neodymium 

containing alloys. This alloy should allow the influence of grain size and the presence of 

particles on crack initiation to be investigated. 

 

The alloys were melted in a resistance furnace and subsequently cast using gravity casting 

under an inert gas (Argon) atmosphere. Firstly, the magnesium was melted in a steel crucible 

and then the alloying elements were added. In order to ensure homogeneity, the melt was   

stirred for more than 1 hour. The alloys were cast into steel moulds (100 mm diameter and 

410 mm in length) to produce billets weighing approximately 8 kg. After cooling, the billets 

were machined to dimensions of 93 mm diameter and 300 mm length.  

 

After machining, the billets were subjected to homogenisation heat treatments. The ZN and 

ZNK alloys were homogenised for 16 h at 450 °C within the solid solution region. For AZ31, 

homogenisation was performed for 16 h at 350 °C.  
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3.2 Microstructural characterization of as-cast alloys 

 

The as-cast materials were characterized by means of spectroscopic analysis, light microscopy 

and scanning electron microscopy. For the microstructural characterization, two samples were 

prepared from each billet, i.e. slices of approximately 2 cm in thickness cut from the top of 

the cast billet. Since the microstructure at the top generally has a smaller grain size in 

comparison to the bottom, this method is applied in order to determine differences in 

composition as well as in grain size depending on the position. The chemical compositions of 

the as-cast billets were analysed using spectroscopic analysis, OES Spectrolab M.  

 

For microstructural investigations, the samples were ground progressively using emery papers 

from 500 to 4000 grit. Samples were then mechanically polished on a porous cloth of 

Neoprene (MD-Chem, Struers) applying an oxide polishing suspension (OP-S, Struers) of 

Al2O3 (0.05 μm) and distilled water in order to eliminate any scratches created by grinding. 

After polishing the samples were cleaned in an ultrasonic-bath with ethanol to remove the 

alumina residues.  

 

During grinding and mechanical polishing, some mechanical twins may be formed. In order to 

eliminate the undesirable artefacts of mechanical twinning, electrolytic polishing was used as 

the final sample preparation step. In this study, the electrolytic polishing machine LectroPol-5 

(Struers) and a commercial electrolyte AC2 solution (Struers) were employed. The 

samples were electrolytically polished at -20 °C and 30 V for 120 s. After electrolytic 

polishing, the samples were etched in order to reveal their microstructures. An etchant based 

on picric acid (150 ml ethanol, 40 ml distilled water, 6.5 ml acetic acid, 30-40 g picric acid) 

was applied [103]. 

 

The as-cast microstructure was characterized using light microscopy Leica DMLM, and the 

grain sizes were measured using the linear intercept statistical method according to DIN 

50600 [104]. A scanning electron microscope (FEG-SEM) ZEISS Ultra 55, equipped with 

energy–dispersive X–ray spectroscopy (EDX) was employed at accelerating voltages of 15 or 

20 kV to determine the morphology and chemical composition of the intermetallic phases in 

the as-cast and solution treated materials. 
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3.3 Indirect and direct extrusion 

 

The homogenised billets were subjected to either indirect or direct extrusion. Indirect 

extrusion was carried out to produce round bar profiles, whereas direct extrusion was used to 

produce rectangular profiles. The rectangular profiles were needed to study the effect of the 

crystallographic texture on the crack initiation process by preparing samples from different 

sample directions. 

 

The indirect as well as the direct extrusions were performed at the Extrusion Research and 

Development Centre of the Technical University of Berlin. The press machine has a 

horizontal construction with a maximum press capacity of 8 MN, a ram speed range from 0-

80 (mm/s) and container diameters of 85 mm minimum and 140 mm maximum. Before each 

extrusion experiment, the die was coated with a lubricant composed of beeswax and graphite. 

Subsequently, the billets and the die were preheated in an induction furnace to reach the 

desired process temperature.  

 

During indirect extrusion, the billet and container move together while the die is fixed. 

Indirect extrusion was carried out at 300 °C with an extrusion ratio of 1:30 for all alloys. 

However, the extrusion rate was varied with the purpose of obtaining approximately the same 

average grain size for all the alloys. The process temperature increases at higher extrusion 

speeds which results in a larger grain size. As the experimental alloys tend to recrystallize at 

lower temperatures than the reference alloy AZ31, different extrusion speeds were employed. 

As a result, the AZ31 alloy was extruded at 2.8 mm/s while the ZN11, ZN00 and ZNK111 

alloys were extruded at 1 mm/s relative ram speed. 

 

During direct extrusion, the billet is pushed through the die by a ram. In this case, an 

extrusion rate of 1:10 was applied and the extrusion temperatures as well as the extrusion 

rates were varied depending on the alloy. A high extrusion rate leads to an increase in the 

process temperature which promotes grain growth. Therefore, variations in the extrusion 

parameters were required in order to obtain comparable average grain sizes among the alloys. 

The alloy AZ31 was therefore extruded at 250 °C at 5 mm/s, whereas the ZN11 alloy was 

extruded at 350 °C at 3.3 mm/s. The alloy ZN11 could not be extruded at lower temperatures 

or at higher extrusion rates. 
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3.4 Post-extrusion heat treatment 

 

Samples of the alloys AZ31 and ZN11 were subjected to post-extrusion heat treatments. The 

main objective of these heat treatments was to modify the quantity, location and/or 

morphology of the precipitates present in the alloys without increasing the average grain 

sizes. The heat treatments allowed the effects of these features on the crack initiation process 

to be investigated. 

 

The heat treatments applied to these profiles involved annealing and aging. In order to 

maintain the average grain size during heat treatment, slightly different heat treatment 

conditions were used for each alloy. For the AZ31 alloy, annealing was performed at 350 °C 

for 6 hours, followed by water quenching, and subsequent aging was carried out at 150 °C for 

16 hours. The ZN11 alloy was annealed at 350 °C for 3 hours and then aged at 100 °C for 12 

hours. The heat treated and aged profiles were also subjected to microstructural 

characterization, as described in section 3.2, and mechanical testing.  

 

3.5 Microstructural characterization of the as-extruded alloys 

 

In order to establish a relationship between microstructure, texture and mechanical properties, 

detailed characterization of the as-extruded microstructures was required. Microstructural 

characterization of the as-extruded profiles was carried out by means of optical microscopy 

(OM), scanning electron microscopy (SEM), global (X-Ray) and local texture measurements 

(EBSD). 

 

Samples for microstructural characterisation and mechanical testing were prepared excluding 

the first two meters of the extruded profiles, because of the process instability at the beginning 

of the extrusion which causes inhomogeneous microstructures. Microstructural 

characterisation was carried out on longitudinal sections of the profiles, which were prepared 

by mechanical grinding, polishing and electrolytic polishing. Subsequently, the samples were 

analyzed using LM and SEM-EDX in order to determine the average grain size and analyze 

the chemical composition of, if present, precipitates. The average grain size was measured 

using the linear interception method on optical micrographs.  

 

Global and local texture measurements were carried out on polished samples. Since etching 

gives rise to a thick oxide layer, which decreases drastically the measurement and indexing 

qualities of the Kikuchi patterns, the samples for EBSD measurements were prepared without 



3. Experimental Details 

33 

etching. The global crystallographic texture was measured using an X-ray diffractometer 

(Panalytical ) with CuKα radiation in the reflection geometry.  

The {0002 }, { 0110 }, { 0211 }, { 1110 }, { 2110 }, and { 3110 } pole figures were measured 

and inverse pole figures in the extrusion direction were calculated. Prior to the texture 

measurement, the diffraction profiles were collected using the -2 scans so as to obtain the 

exact positions of the Bragg peaks for each material. The size of the incident beam was 

adjusted to 0.5 x 0.5 mm, and the pole figures were measured by the sample tilting (χ) from 0 

to 70 ° and the sample rotation (Φ) of 360 ° with 5° measurement step.  

 

For local texture analysis, EBSD measurements were carried out on a Zeiss Ultra 55 FEG-

SEM (field emission gun - scanning electron microscope) equipped with an EDAX/TSL


 

EBSD system with a Hikari camera. Orientation image maps (OIM) were generated using an 

accelerating voltage of 15 kV and step sizes of 0.3 m.  

 

3.6 Quasi-static mechanical testing 

 

The mechanical behaviour of the indirectly extruded round profiles was examined using 

samples machined parallel to the extrusion direction. From the directly extruded rectangular 

profiles, samples for quasi-static loading were machined in different sample directions, i.e. at 

0°, 45° and 90° with respect to the extrusion direction. Tensile samples were machined to a 

gauge length of 30 mm and 6 mm diameter, according to DIN 50125 [105]. Samples for 

compression tests were prepared according to DIN 50106 [106] with a length of 17 mm and 

diameter of 11 mm.  In order to ensure reliability in the test results, at least 5 samples were 

tested for each material.  

 

For the quasi-static loading tests, a Zwick Z050 universal testing machine with a 50 kN 

load cell was employed in both the tensile as well as in the compressive mode. The initial 

strain rate was 10
-3

 s
-1

 in both tensile and compression tests. Mechanical properties, such as 

tensile yield strength (TYS), ultimate tensile strength (UTS), compressive yield strength 

(CYS), ultimate compressive strength (UCS) and elongation to fracture (%), were measured 

from the stress-strain curves obtained from these uni-axial loading tests. 
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3.7 Fatigue testing 

 

Fatigue testing was carried out using a rotating bending fatigue testing machine (Zwick UBM 

200) operated at a frequency of 70 Hz at room temperature in air, Fig. 3.2a. A load ratio of  

R= σmin./σmax = -1 was  employed and the fatigue limit was defined at 10
7
 cycles. The loading 

amplitude was varied in order to plot the S/N (stress/number of cycles) curve. The bending 

stress was calculated using the following equation: 

                                                 

𝜎 =
𝑀

𝐽
 𝑦 

                                                   (3.1) 

where σ is the bending stress, M is the moment about the neutral axis, y is the perpendicular 

distance to the neutral axis and J is the area moment of inertia. 
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Fig. 3.2. a) Basic schematic of rotating bending test, b) sample geometry 

 

In the case of indirectly extruded profiles, fatigue specimens with a diameter of 8 mm and a 

gauge length of 60 mm were machined parallel to the extrusion direction. While in the case of 

the profiles directly extruded, fatigue specimens with a diameter of 6 mm and a gauge length 

of 40 mm were machined along different sample axes with respect to the extrusion direction 
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(0, 45, 90 °). Prior to fatigue testing, the surfaces of the specimens were mechanically 

polished with 0.3 µm diamond paste and electropolishing was added in the final phase of 

fatigue sample preparation in order to eliminate surface artefacts.  

 

3.8 Microstructural characterization after fatigue testing 

 

During fatigue testing in the regime of rotating bending, the crack initiates usually at the 

specimen surface. Therefore, characterization of the specimen surface after fatigue testing was 

fundamental in order to investigate the crack initiation mechanisms, Fig. 3.3 a.  

 

After testing, EBSD measurements on the sample surfaces were conducted using selected 

samples to reveal the microstructural evolution during cyclic loading, especially near to 

micro-cracks. Subsequently, the samples were etched and a microscopic analysis of the 

micro-cracks developed on the surface was performed by means of LM and SEM. Finally, the 

fracture surfaces were characterised using SEM and SEM-EDX, Fig. 3.3.b. 

 

a) 

 

b)  

 

Fig. 3.3. a) Surface microcrack after fatigue testing, characterized by means of EBSD, SEM 

and LM, b) Main crack surface, characterized by means of SEM and EDX.  
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4. Results 

4.1 Characterization of the billets  

 

The analysed chemical compositions of the alloys used in this study are shown in Table 4.1. 

The actual chemical compositions show small variations compared to the nominal 

compositions (Table 3.1). 

 

Table 4.1. Chemical compositions in weight percent of the alloys 

 

Alloy Al Nd Zn Zr Mg 

AZ31 2.72 0 0.90 0 Balance 

ZN11 0 0.81 0.92 0 Balance 

ZN00 0 0.47 0.48 0 Balance 

ZNK111 0 0.87 1.12 0.61 Balance 

 

After homogenisation (section 3.1) of the cast billets, the microstructures and phases present 

were analysed by means of light microscopy, scanning electron microscopy and energy 

dispersive X-ray analysis. Optical micrographs of the alloys AZ31, ZN11, ZN00 and ZNK111 

are exhibited in Fig. 4.1. 

 

The microstructures observed in the alloys after homogenization are composed of very coarse 

grains in the central region of the billet, while a relatively fine grain structure is observed in 

the outer regions. This characteristic is related to the cooling rate, which is higher at the edges 

where the molten material faces the mould and is very slow in the centre of the billets. In the 

AZ31 alloy a heterogeneous microstructure is observed which consists of small and large 

grains, both in equiaxed form. The ZN11 and ZN00 alloys also show inhomogeneous 

microstructures. The average grain size of ZN11 is smaller than ZN00. The ZNK111 alloy 

shows a very fine and homogeneous microstructure consisting of equiaxed grains. These 

results suggest that additions of neodymium and zinc promote grain refinement, while the Zr 

addition is more effective in promoting a fine and homogeneous microstructure in the as-cast 

condition.  

 

 

 

 



4. Results 

37 

a) AZ31 

 

Average grain size: 210 ±  94 μm 

b) ZN11 

 

Average grain size: 216 ± 41 μm 

c) ZN00 

 

Average grain size: 276 ± 63 μm 

d) ZNK111 

 

Average grain size: 32 ± 1 μm 

 

Fig. 4.1 Microstructures and average grain sizes of the homogenized billets, a) AZ31, b) 

ZN11, c) ZN00 and d) ZNK111. 

 

Scanning electron microscopy and energy dispersive analysis were carried out in order to 

characterize the phases present in the as-cast alloys. The results of these analyses are shown in 

Fig. 4.2 and Tables 4.2-4.5. 

 

In the alloy AZ31, some impurities and pores are observed. Furthermore, a few particles are 

observed, which are mainly of high magnesium, aluminium and zinc content as shown in 

Table 4.2. According to the Mg-Al-Zn system [28], these particles should correspond to γ-

phase (Mg17Al12). It is important to point out that zinc can replace aluminium in the γ-phase 

(Mg17Al12) due its similar structural parameters[107]. In the matrix, moderate contents of 

aluminium and zinc were found as well, which should be in solid solution with magnesium. 

1 mm 1 mm 

1 mm 1 mm 
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Due to the manganese addition, another phase might be present in the mentioned 

microstructure: Al11Mn4. This phase might be also found as AlxMn1-xFex, since manganese 

improves the corrosion resistance of the alloys by forming intermetallic compounds with Fe.  

 

Table 4.2. AZ31: Element concentrations (wt. %) in the matrix and particles. 
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d) ZNK111 
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Fig. 4.2 SEM micrographs showing the compounds present in the alloys, a) AZ31, b) 

ZN11, c) ZN00 and d) ZNK111. 
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In the alloy ZN11, two types of particles were observed: particles located mainly at the grain 

boundary (in Fig. 4.2b, particle 2) and particles distributed throughout the matrix (in Fig. 

4.2b, particle 1). These particles are very complex compounds of the ternary system Mg-Nd-

Zn, which generally show a high content of neodymium and moderate to high content of zinc. 

On the other hand, very low concentrations of these elements were found in the matrix as can 

be observed in Table 4.3. According to Mg-Nd binary diagram the solubility of neodymium in 

magnesium is very limited; therefore the presence of Mg-Nd phase (e.g. Mg41Nd5 and 

Mg3Nd) was already expected. Zinc content was present in the Mg-Nd compounds as well as 

in the matrix. The latter was already expected since zinc at this content shows high solubility 

in magnesium. 

 

Table 4.3. ZN11: Element concentrations (wt. %) in the matrix and particles. 

 

The SEM micrographs of alloy ZN00 also exhibits the presence of particles mainly at grain 

boundaries (in Fig. 4.2c, particle 1) and some in the matrix (in Fig. 4.2c, particle 2). In 

contrast to alloy ZN11, the alloy ZN00 shows a different compositional pattern.  

 

Table 4.4. ZN00: Element concentrations (wt. %) in the matrix and particles. 

 

According to EDX measurements, the particles consist of compounds exhibiting a high 

content of neodymium and a low content of zinc as shown in Table 4.4. Besides, in the matrix 

very low concentrations of neodymium and low concentrations of zinc were found. This result 

suggests that in this system mainly very complex compounds are being formed which show a 

 Matrix Particle 1 Particle 2 

ZN11 

Nd: 0.1 wt. % Nd: 20.8wt. % Nd: 27.6 wt. % 

Zn: 0.6 wt.% Zn: 3.7 wt .% Zn: 33.6 wt .% 

Mg: balance Mg: balance Mg: balance 

 Matrix Particle 1 Particle 2 

ZN00 

Nd: 0.1 wt. % Nd: 32.2 wt. % Nd: 43.8 wt. % 

Zn: 0.6 wt.% Zn: 0.19 wt .% Zn: 1.53 wt .% 

Mg: balance Mg: balance Mg: balance 
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very high content of neodymium and low content of zinc. Zinc, although in low content, is 

also present in the formed compounds as well as in solid solution with magnesium in the 

matrix. 

 

SEM micrographs of the ZNK111 alloy show high concentrations of particles at the grain 

boundaries (Fig. 4.2d). These particles are complex compounds from the quaternary system 

(Mg-Zn-Zr-RE). EDX analysis shows that these particles are very rich in zinc and 

neodymium and relatively poor in zirconium. High neodymium content in the compounds was 

predicted, since this element shows a limited solubility in magnesium. In the matrix, a high 

concentration of zirconium is found whereas the concentrations of zinc and neodymium are 

found to be low. Zinc in this quaternary system is mainly forming complex compounds, 

although a low content appear to be solved in the matrix. 

 

Table 4.5. ZNK111: Element concentrations (wt. %) in the matrix and particles. 

 

 

 

 

 

 

 

4.2 Extrusion  

 

The main process parameters during the indirect extrusion experiments, i.e. ram speeds and 

profile temperatures, are illustrated in the extrusion diagrams shown in Fig. 4.3. As can be 

seen, the ram speed achieves a stationary stage where the velocity, as a consequence of the 

profile temperature, becomes constant (Fig. 4.3). The average temperature measured when 

stability of the extrusion is reached, represents the profile temperature.  

 

Increases in the velocity result in an increase of the profile temperature, as found during all 

extrusion trials. In the case of AZ31, uniformity in the ram speed and profile temperature is 

observed from the beginning of the extrusion, Fig. 4.3a. The average profile temperature was 

 Matrix Particle 

ZNK111 

Nd: 0.3 wt. % Nd: 24.6 wt. % 

Zn: 0.8 wt.% Zn: 20.1 wt .% 

Zr: 2.7 wt.% Zr: 0.7 wt .% 

Mg: balance Mg: balance 
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425 °C. In contrast to AZ31, some resistance in the material flow at the beginning of the 

extrusion was found in the case of the ZN11 alloy, Fig. 4.3b. This resulted in a variation in the  

profile temperature. The latter reached a stable plateau after 300 mm of profile extrusion; as a 

result the average profile temperature was 399°C. 

a) 

 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

 

 

 

c) 

 

 

 

 

 

 

 

 

 

 

 

d) 

 

 

 

 

 

 

 

 

Fig. 4.3. Extrusion diagrams for the indirectly extruded (round profile) alloys: a) AZ31, b) 

ZN11, c) ZN00 and d) ZNK111.  

 

The same behaviour can be seen in the ZN00 extrusion diagram; however, in this case the 

process instability at the beginning of the extrusion was higher in comparison to ZN11. 

Moreover, the profile temperature does not reach a complete stability in the plateau stage, and 

a fluctuational behaviour is observed until the end of the process. The average profile 

temperature of this alloy was 418°C. During the extrusion trial of the ZNK111 the 

corresponding data just could be recorded at the beginning and at the end of the process, due 

to a failure with the thermocouple (fig. 4.3d). Even though the average profile temperature 
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cannot be determined from the recorded data, it is supposed from the measured final 

temperature that the process temperature did not exceed 420°C. 

 

The direct extrusion was applied in order to have rectangular profiles, which is planned to 

study the texture influence on the fatigue and crack initiation mechanisms, i.e. directional 

anisotropy in an alloy system. For this purpose, two alloy systems AZ31 and ZN11, in which 

distinct textures in as-extruded conditions are expected, were selected. The extrusion 

diagrams of these alloys are shown in fig. 4.4. As in the case of indirect extrusion 

experiments, the ram speed and profile temperatures were plotted as a function of the 

extruded profile. 

 

a) 
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Fig. 4.4. Extrusion diagrams for the directly extruded (rectangular profiles) alloys: a) AZ31 

and b) ZN11, plot including ram speed, ram displacement and profile temperature. 

 

Regarding to the diagrams which plot ram speed, extruded profile and profile temperature 

(4.4a and b), significant differences can be noticed between AZ31 and ZN11. Concerning 

AZ31, the stationary stage which means constant velocity, is earlier reached in comparison to 

ZN11. Besides, the ram speed of ZN11 is highly unstable in the beginning and reaches a 

stable plateau after 600 mm of profile extrusion. The average profile temperature of AZ31 

directly extruded at 5 mm/s is 386°C. It is to note that the ZN11 showed higher profile 

temperature of 445 °C, even if this alloy was extruded at slower ram speed of 3.3 mm/s than 

the AZ31.  
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4.3 Microstructure and texture of as-extruded profiles 

4.3.1 Microstructure of indirectly extruded alloys 

 

The AZ31 extruded profile presents a very inhomogeneous microstructure, composed mainly 

of very small and also large equiaxed grains (fig. 4.5a). In addition to the bimodal 

microstructure, some unrecrystallized grains showing an extended form to the extrusion 

direction are also observed. However, they do not correspond to the majority of the grains. 

The average grain size resulted from these extrusion conditions in alloy AZ31 was 11 μm. 

 

a) AZ31 

100 μm
 

Average grain size: 11 ±1.7 μm 

b) ZN11 

 

Average grain size: 8 ± 0.6 μm 

c) ZN00 

 

Average grain size: 12.0 ± 0.6 μm 

d) ZNK111 

 

Average grain size: 4 ± 0.1 μm 

 

Fig. 4.5. Microstructure and grain size, measured in the extrusion direction of the indirectly 

extruded a) AZ31, b) ZN11, c) ZN00 and d) ZNK111. 

 

100 μm 100 μm 

100 μm 



4. Results 

44 

The extruded ZN11 shows a different microstructure to that of the AZ31 (fig. 4.5b). Fully 

recrystallized and equiaxed grain structure is found in the ZN11, which result in a 

homogenous and relatively fine microstructure. Different to the AZ31, long elongated 

unrecrystallized grains and a bimodal distribution in the grain size were not found in the 

ZN11. The average grain size of this alloy under these extrusion conditions was 8 μm.  

 

A similar microstructure to the ZN11 alloy is observed in the ZN00 (fig. 4.5 c). However, the 

ZN00 alloy shows significantly coarser grains than in the ZN11, and the average grain size is 

12 μm. It is worthy to point out that the ZN11 and ZN00 alloys were extruded at the same 

velocity and at the comparable profile temperature (fig. 4.3 b and c). 

 

The ZNK111 shows the most fine grain structures among the studied alloys. The average 

grain size measured is 4 μm, extruded at 1.0 mm/s with profile temperature estimated in 

410°C. Moreover, this microstructure also shows a relatively high homogeneity (fig. 4.5 d).  

 

In fig. 4.6 the SEM micrographs of the indirectly extruded profiles are shown. The 

micrographs of AZ31 (fig.4.6a) show the presence of very small particles, which are 

distributed in form of line along the extrusion direction. EDX analysis of these particles 

indicates that they present high content of aluminium (3.57 wt%) and magnesium. According 

to the literature [28], the fine particles may correspond to the γ-Mg17Al12 phase. As mentioned 

previously, the phase Al11Mn4 might also be present in the microstructure [30]. This phase is 

significantly coarser than the γ-Mg17Al12 phase. 

 

In the alloy ZN11 higher quantity of particles can be seen (fig. 4.6b). Some of them are 

located at the grain boundaries of recrystallized grains; however the immense majority are 

distributed in form of lines along the extrusion direction. EDX analysis of these particles 

shows high content of neodymium (19.41 wt%) and zinc (14.92 wt%). 

 

In fig. 4.6c, the SEM micrographs of the alloy ZN00 are exhibited. The quantity of particles is 

significantly smaller in comparison with ZN11. Some of these particles are distributed as 

bands along the extrusion direction and some are located at the grain boundaries. EDX 

analysis of the particles distributed along the extrusion direction shows very high content of 

neodymium (10.0 wt%) and low content of zinc (0.43 wt%). It is worth emphasising that the 

particles found at the grain boundaries were extremely small (range of nanometres).  
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Consequently, it was not possible to carry out the EDX analysis excluding the chemical 

information of the matrix. 

 

a) AZ31 

20 μm

↑Al, ↑Zn

20 μm

 

 

b) ZN11 

20 μm

↑Nd, ↑Zn

20 μm

 

 

c) ZN00 

20 μm

↑↑Nd, ↓Zn

20 μm

 

 

d) ZNK111 

20 μm

↑↑Nd, ↑Zn ↓Zr

↑Nd, ↑Zn, ↑↑Zr

20 μm

 

 

Fig. 4.6. SEM micrograph of particles in the indirectly extruded a) AZ31, b) ZN11, c) ZN00 

and d)ZNK111. 

 

In contrast to ZN00, the SEM images of ZNK111 show an abundance of particles. The 

particles present in this alloy can be separated into two groups. The first group consists of 

small particles located at grain boundaries. EDX analysis of these particles indicates that they 

have very high contents of neodymium (27.92 wt. %) and zinc (16.17 wt. %) and a low 
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content of zirconium (0.59 wt. %). The second group corresponds to very small particles, 

which seem to form a “cloud” aligned in the extrusion direction. Chemical analysis of these 

particles shows that they have a high content of zirconium (10.72 wt. %) and moderate 

contents of neodymium (2.92 wt. %) and zinc (1.76 wt. %). Both groups of particles may have 

an influence on the grain size of the as-extruded profiles. 

 

4.3.2 Textures of indirectly extruded profiles 

 

In this section, the results of texture measurements carried out on the indirectly extruded 

profiles will be presented in the form of inverse pole figures, Fig. 4.7.  

 

The AZ31 alloy (Fig 4.7a) exhibits a strong texture with high intensities distributed along the 

texture components corresponding to the basal planes parallel to the extrusion direction, while 

the max pole density is found at the <10.0> pole. This feature may be related to the 

unrecrystallized grains observed in the as-extruded microstructure. The development of such 

strong basal-type texture is usually observed in AZ-magnesium alloys after round bar 

extrusion.  

 

In contrast, the ZN11 alloy shows a distinctly different texture compared to that found in the 

classical wrought Mg alloys after round bar extrusion. The texture of this experimental alloy 

is characterised by its very weak intensity (Fig. 4.7b), with a maximum pole intensity Imax of 

2.0. Moreover, the maximum intensity in the inverse pole figure is found at the pole 

corresponding to the c-axes being tilted about 60 ° from the extrusion direction. The same 

trend is also observed in the inverse pole figures of ZN00 (Fig. 4.7c), although the maximum 

intensity of this alloy is slightly higher than the one observed in ZN11. The textures in ZN00 

as well as in ZN11 are very uncommon in terms of their low intensities and non-basal type.  
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a) AZ31 

 

 

b) ZN11 

 

 

c) ZN00 

 

 

d) ZNK111 

 

 

Fig. 4.7. Inverse pole figures in the extrusion direction of the indirectly extruded alloys: a) 

AZ31, b) ZN11, c) ZN00 and d) ZNK111. 

 

 

The inverse pole figure of ZNK111 (Fig. 4.7d) also reveals a very weak and unusual texture. 

It must be pointed out that these Al-free alloy alloys with Zn and Nd additions have 

comparable textures, while the ZNK111 has the smallest average grain size. The unusual 

texture exhibited by the ZN11, ZN00 and ZNK111 alloys is attributed to the neodymium 

addition. In fact this kind of texture is usually called the rare-earth texture or rare-earth 

component, with reference to the c-axes being tilted about 60 ° from the extrusion direction.  

 

4.3.3 Microstructure of directly extruded alloys 

 

The microstructure observed in the transversal direction of the as-extruded AZ31 is illustrated 

in Fig. 4.8a. A significant inhomogeneity is observed in this microstructure which contains 

both large and small equiaxed grains. Moreover, many unrecrystallized grains having an 
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extended shape in the extrusion direction are also observed. The average grain size is about 9 

μm. 

 

A similar microstructure is observed in the as-extruded ZN11, Fig. 4.8b. The microstructure is 

clearly more homogeneous than in the case of AZ31, however, both relatively small and large 

equiaxed grains can be seen. Some unrecrystallized grains can also be observed. A 

considerable number of particles can be seen aligned parallel to the extrusion direction. The 

chemical composition of these particles will be elucidated by using EDX analysis. 

a) AZ31 

 

Average grain size: 9 ± 0.3 μm 

b) ZN11 

 

Average grain size: 8 ± 1 μm 

Fig. 4.8. Microstructures and grain sizes, measured transversal to the extrusion direction of 

the directly extruded a) AZ31, b) ZN11. 

 

20 μm

↑Al, ↑Zn

20 μm

 

a) 

30 μm

↑Nd, ↑Zn

30 μm

 

b) 

Fig. 4.9. SEM micrographs of the directly extruded a) AZ31, b) ZN11. 

100 μm 100 μm 
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In Fig. 4.9 SEM micrographs of the directly extruded profiles are shown. The micrographs of 

AZ31 (Fig.4.9a) show the presence of very small particles, which are randomly distributed 

along the extruded profile. EDX analysis of these particles indicates that they correspond to 

the γ-Mg17Al12 phase.  

 

In the alloy ZN11 large numbers of particles can be seen (Fig. 4.9b). Some are located at the 

grain boundaries of recrystallized grains; however a large amount of them are distributed in 

the form of lines aligned along the extrusion direction. EDX analysis of these particles shows 

high contents of neodymium (25.22 wt. %) and zinc (19.71 wt. %).  

4.3.4 Texture of directly extruded profiles  

 

In Fig. 4.10a, the recalculated (0002) pole figure shows that a strong basal texture develops 

during direct extrusion of AZ31, with the majority of grains having their basal planes parallel 

to the extrusion direction. Moreover, a minor texture component is observed at the centre of 

the pole figure. The maximum intensity of the basal poles in the sample normal direction in 

AZ31 is 7.9.  

AZ31 

 

 

 

 

 

 

 

 

ZN11 

 

 

 

 

 

 

 

 

 

Fig.4.10. Recalculated (0002) pole figures of directly extruded a) AZ31 and b) ZN11 alloys 

transversal to the extrusion direction. 

 

Although the maximum pole intensity in ZN11 is clearly lower than in AZ31, this alloy also 

shows a relatively strong basal-type texture after direct extrusion. However, the main texture 

component is different to that in AZ31, since the basal poles are tilted about 15-20 ° from the 

ND. From the pole figure (Fig. 4.10b) of directly as-extruded ZN11 it can be observed that 

several grains have their basal planes parallel to the extrusion direction. Moreover, in contrast 

to the AZ31 pole figure, no texture component is observed at the centre of the pole figure. The 
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maximum intensity of the (0002) pole in ZN11 is 5.5. It must be pointed out that the texture 

of ZN11 developed during direct extrusion is very different to the texture developed during 

indirect extrusion, which has as main feature its weak intensity. 

 

4.4 Microstructure and texture of heat treated profiles 

 

The microstructures and grain sizes of the heat treated profiles of AZ31 and ZN11 are shown 

in Fig. 4.11. For both alloys the heat treatment was carried out in two stages. In the case of 

AZ31, the first stage corresponded to a solution treatment, which was performed at 350 °C for 

3 hours and was followed by water quenching. Subsequently, an aging treatment was applied 

at 150 °C for 16 hours.  

 

a) AZ31-HT 

 

Average grain size: 13 ± 3.0 μm 

b) ZN11-HT 

 

Average grain size: 17 ± 0.9 μm 

 

Fig. 4.11. Microstructure and grain size measured in the extrusion direction of the indirectly 

extruded and heat treated a) AZ31, b) ZN11. 

 

The micrograph of AZ31 after heat treatment (Fig. 4.11a) shows evidence of grain coarsening 

in comparison to the microstructure of as-extruded AZ31. The average grain size after heat 

treatment is 13 μm, whereas the average grain size of as-extruded AZ31 was 11 μm. Grain 

growth is more apparent in grains located near to the unrecrystallized grains. Moreover, after 

heat treatment the microstructure still has a bimodal grain size distribution. 

 

In the case of ZN11, annealing was carried out at 350 °C for 3 hours while the aging 

treatment was performed at 100 °C for 12 hours. The microstructure resulting from this heat 

treatment is shown in Fig. 4.11b. Similar to the microstructure in the as-extruded condition, 

ZN11-HT shows a homogeneous distribution of equiaxed grains. However, after heat 

100 μm 100 μm 
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treatment a significant grain coarsening effect is noted. The average grain size of ZN11 after 

heat treatment is 17 μm, as compared to 8 μm in the as-extruded condition. 

 

a) AZ31-HT 

 

b) ZN11-HT 

 

 

Fig. 4.12. SEM micrographs of the indirectly extruded alloys after the two-stage heat 

treatments, a) AZ31, b) ZN11.  

 

SEM micrographs of the AZ31 and ZN11 after heat treatment are shown in Fig. 4.12. The 

micrograph of AZ31 (Fig.4.12a) show the presence of very small particles, which are located 

mainly inside the grains, although some can also be seen at the grain boundaries. In contrast 

to as-extruded AZ31, AZ31-HT does not show lines of particles along the extrusion direction. 

It may be considered that these were dissolved during the solution treatment and that 

precipitation subsequently occurred during the aging treatment. 

 

a) AZ31-HT 

 

 

 

 

 

 

 

b) ZN11-HT 

 

 

 

 

 

 

 

 

Fig. 4.13. Inverse pole figures of indirectly extruded alloys after heat treatment: a) AZ31, b) 

ZN11. 
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In the case of the ZN11 alloy, Fig. 4.12b clearly indicates that the band-shaped particles 

oriented in the extrusion direction are no longer present after the heat treatment. Instead, 

particles are located mainly at the grain boundaries with a minority located inside the grains.  

 

The results of the global texture measurements on the heat treated samples are illustrated in 

Fig. 4.13. After heat treatment, the alloy AZ31-HT exhibits a strong texture with high 

intensities distributed along the <10.0> and <11.0> poles (Fig 4.13a), similar to that in the as-

extruded condition. However, the maximum intensity is slightly lower than that in the as-

extruded AZ31. In short, the heat treatment employed results in a negligible change in the 

texture.  

4.5 Mechanical properties of extruded alloys  

4.5.1 Indirectly extruded profiles 

 

The results of the tensile and compression tests are shown in Fig. 4.14 and summarized in 

table 4.6. The tensile curves are shown in black colour in Fig. 4.14, while the stress-strain 

curves from the compression tests are drawn in red. 

 

The alloy AZ31 shows significant difference between the tensile yield strength (TYS) and the 

compressive yield strength (CYS) (Fig. 4.14a). In other words, the AZ31 alloy exhibits a 

considerable mechanical yield asymmetry. Under tensile loading, the AZ31 alloy exhibits a 

high yield stress and relatively low work hardening up to the maximum stress, which is the 

highest among the studied alloys. However, under compressive loading a low yield stress and 

rapid secondary work hardening are observed. 

 

On the other hand, for the ZN11 alloy, the tensile yield strength (TYS) and compressive yield 

strength (CYS) are very similar (fig. 4.14b). In other words, no significant mechanical yield 

asymmetry is observed. The ultimate tensile strength (UTS) is considerably lower than the 

AZ31. Besides, the ZN11 shows a remarkably higher elongation than the AZ31 alloy under 

tension as well as under compression. It must be emphasized that the tensile yield strength of 

the ZN11 is considerably lower than in the AZ31 alloy. 

 

The stress-strain curves of the ZN00 alloy under tensile and compressive loading are 

exhibited in Fig. 4.14 c. As in the case of ZN11, almost no mechanical yield asymmetry is 

observed. Moreover this alloy shows a remarkable elongation, the highest among the alloys 
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included in this study, in tension as well as in compression. On the other hand, the alloy ZN00 

presents the lowest values of tensile yielding strength (TYS), ultimate tensile strength (UTS) 

and compressive yield strength (CYS) among the alloys belonging to the study (Table 4.6).  

 

a) 

 

 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

 

 

c)  

 

 

 

 

 

 

 

 

d) 

 

 

 

 

 

 

 

 

Fig. 4.14. Stress-strain curves during quasi-static tests, in tension and compression, for the 

indirectly extruded alloys a) AZ31, b) ZN11, c) ZN00 and d) ZNK111. 

 

Table 4.6 Mechanical properties of the indirectly extruded alloys 
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The ZNK111 alloy (Fig. 4.14d) shows the highest values of tensile yield strength (TYS) and 

compressive yield strength (CYS) among the alloys containing neodymium. It must be 

noticed that, under tension, the ZNK111 exhibits the highest strength without considerable 

reduction of elongation. On the other hand, there is an evident decrease of the elongation 

under compressive loading. The ultimate tensile strength (UTS) was higher than ZN11 and 

ZN00 but lower than AZ31. The ultimate compressive strength (UCS) was in the same range 

as the studied alloys containing neodymium but lower than AZ31.  

 

4.5.2 Directly extruded profiles 

 

The results of the tensile and compression tests on the directly extruded AZ31 samples with 

different sample axes are summarized in Table 4.7. In all directions a significant mechanical 

yield asymmetry, i.e. difference between tensile and compressive yield strength, is observed. 

The samples loaded in the extrusion direction, AZ31-0°, presented the highest tensile yield 

strength (TYS), whereas the samples loaded in the transverse direction, AZ31-90°, and in 45° 

(AZ31-45°) from the extrusion direction, showed almost the same value of TYS. 
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Fig. 4.15. Quasi-static testing curves, in tension and compression, for the directly extruded 

alloy AZ31 with different axes: a) tensile testing and b) compressive testing. The colours 

black, red and blue correspond to AZ31-0°, AZ31-45° and AZ31-90° respectively. 
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Table 4.7 Mechanical properties of the indirectly extruded alloys. 

 

 

 

 

 

 

 

 

Regarding to ultimate tensile strength (UTS), the highest value is presented by AZ31-0° 

followed by AZ31-45°. The lowest value of UTS is then exhibited by AZ31-90°. Concerning 

the elongation to failure, the samples AZ31-45° exhibited the highest elongation followed by 

AZ31-0°. The samples AZ31-90° presented the lowest elongation and a higher standard 

deviation.  

 

The results of compressive tests can be seen in Fig. 4.15b. No significant difference in the 

compressive yield strength (CYS) and ultimate compressive strength values (UCS) can be 

observed among the samples loaded in different directions. The samples AZ31-0° have in this 

case slightly higher CYS than samples AZ31-45° and AZ31-90°. On the other hand, 

remarkable differences are observed when the elongation is concerned. The samples AZ31-

45° have the highest elongation, while AZ31-0° and AZ31-90° presented approximately the 

same value. 
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Fig. 4.16. Quasi-static testing curves, in tension and compression, for the directly extruded 

alloy ZN11 with different axes: a) tensile testing and b) compressive testing. The colours 

black, red and blue correspond to AZ31-0°, AZ31-45° and AZ31-90° respectively. 
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The results of the tensile and compression tests on the directly extruded ZN11 samples with 

different sample axes are summarized in Table 4.8. In all directions a moderate mechanical 

yield asymmetry is observed. The samples ZN11-0° and ZN11-45° present approximately the 

same value of TYS (Fig. 4.16a). The sample ZN11-90° shows a considerable higher value of 

TYS than the other samples. However, this group of samples also shows extremely limited 

ductility. Regarding to compressive yield strength, ultimate compressive strength and 

elongation, no differences among the sample loading directions can be noticed (Fig. 4.16b). 

 

Table 4.8 Mechanical properties of the indirectly extruded alloys. 

 

 

 

 

 

 

 

 

4.5.3 Indirectly extruded profiles after heat treatment 

 

In Fig. 4.17 the curves of the quasi-static tests for the post-extrusion heat treated alloys, 

AZ31-HT and ZN11-HT, are shown. The values correspondents to the mechanical behaviour 

are summarized in table 4.9. 
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Fig. 4.17. Quasi-static testing curves, in tension and compression, for heat treated alloys a) 

AZ31-HT, b) ZN11-HT. 
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The AZ31-HT exhibits, as the as-extruded AZ31 alloy, high mechanical yield asymmetry 

(fig.4.17a). The values of TYS and CYS are slightly lower than the values of the as-extruded 

AZ31. Although precipitation occurred during the aging treatment, the grain coarsening acts 

as a compensating factor to the precipitation hardening. As a result, the mechanical response 

of AZ31-HT, in terms of the strength, is slightly lower than as-extruded AZ31. 

 

After heat treatment of ZN11, the TYS remained almost unaltered in comparison to as-

extruded ZN11. However, the standard deviation of the ZN11-HT must be considered. 

Moreover, the elongation to failure and the UTS of ZN11-HT are slightly lower than the as-

extruded profile (Fig. 4.17b). The CYS was slightly increased, while the UCS was remarkable 

increased after heat treatment.  

 

Table 4.9 Mechanical properties of the indirectly extruded alloys. 

 

 

 

 

 

 

 

 

4.6 Fatigue properties of extruded alloys 

4.6.1 Indirectly extruded profiles 

 

The S-N diagrams for AZ31, ZN11, ZN00 and ZNK111 are shown in Fig. 4.18. It is worth to 

recall that the fatigue strength of the alloys was defined by the stress amplitude at which the 

samples remained unbroken to 1.0x10
7
 cycles. The fatigue strength can be read on the S-N 

diagrams, which is marked as an arrow. The fatigue ratio is calculated by dividing the fatigue 

strength by the ultimate tensile strength. The fatigue ratio is usually referred as a parameter 

indicating the fatigue strength of determined material, since the higher the fatigue strength is, 

the superior the fatigue property of the materials is considered [108]. The fatigue ratio of 

wrought magnesium alloys reported by the literature varies between 0.25 and 0.5 [109] , while 

this value corresponds to 0.28 for the conventional die-cast magnesium alloys [110].  
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368 ± 3.6 
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20 ± 1.4 

AZ31-HT 

101 ± 4.7 

345 ± 18 
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108 ± 4.4 

205 ± 3.4 

35 ± 3.4 

ZN11-HT 

Compressive Yield Strength (MPa) 

Ultimate Compressive Strength (MPa) 
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The fatigue strength of AZ31 at 10
7
 cycles is 90 MPa. The fatigue ratio calculated by using 

the ultimate tensile strength is 0.33, which can be considered as a moderate value. In fact, the 

fatigue ratio of AZ31 found in literatures is about 0.30 [108], [111].  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.18. S-N curves of AZ31, ZN11, ZN00, and ZNK111. The arrows 

indicate runout conditions and the numbers of runout samples, 

respectively.  

 

The fatigue strength of ZN11 determined as an endurance limit at 10
7
 cycles is significantly 

lower, 70 MPa, than the AZ31. However the fatigue ratio is the same as calculated by AZ31 

and correspond to 0.33. The fatigue strength and fatigue ratio of the ZN00 are 60 MPa and 

0.31 respectively, which are slightly lower than those of ZN11. As both alloys contain RE 

element, the differences in the fatigue strength might be relate to the coarser grain size of the 

ZN00. Regarding to ZNK111, the fatigue strength at 10
7
 cycles is 80 MPa and the fatigue 

ratio, which corresponds to the highest among the alloys containing RE element, is equivalent 

to 0.35. 

 

The S-N curves of all alloys seem to have a clear fatigue limit and comparable behaviour is 

recognized in other extruded alloys [112], which may be related to the existence of non-

propagating cracks. Another important feature is the trend of the S-N curve. The AZ31 alloy 

presents a curve trend displacing to the right side of the graphic at high stress amplitudes, 

which is typical for a material showing a hardening during the cyclic loading. This hardening 
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behaviour in AZ31 alloy could be connected to twinning activity. In addition, the alloy 

ZNK111 shows the same curve behaviour. However, in this case the hardening effect might 

has its origin in the large quantity of particles locating at the grain boundary or grain-interior.  

Concerning ZN11 curve behaviour, it can be seen that no significant hardening occurred. This 

result was expected since this alloy neither has extremely large quantity of precipitates in its 

microstructure nor it favours high twinning activity. The same behaviour is observed in the 

ZN00 curve, however, in this case even less hardening is observed. This occurs mainly due to 

the coarse microstructure of this alloy, which does not favour hardening. 

 

4.6.2 Directly extruded profiles 

 

The S-N curves of the rotating bending tests on the directly extruded AZ31 samples with 

different sample axes are shown in Fig. 4.19. 

 

The fatigue strength of AZ31-0° at 10
7
 cycles is 100 MPa, which corresponds to the fatigue 

ratio of 0.39. The curve trend does not evidence significant hardening, which could be 

connected to low twinning activity. The results of the dynamic testing follow the same trend 

of the quasi-static testing, where the AZ31-0° showed the highest TYS and CYS. 

Consequently, the fatigue life and fatigue ratio of AZ31-0° is the highest among the samples.  

 

The sample loaded in the 45° from the extrusion axis, AZ31-45°, shows the fatigue strength 

of 90 MPa determined at 10
7
 cycles. In addition, the fatigue ratio calculated by using TYS is 

0.36. The curve trend evidences a hardening effect, which could be connected to twinning 

activity. The performance of the AZ31-45° under dynamic loading is closely related to the 

performance during quasi-static tests. It is worthwhile to point out that the sample AZ31-45°, 

in most cases, had the second best performance among the samples in the quasi-static tests. 

The same trend is observed on the results of dynamic tests, in terms of the fatigue strength 

and fatigue ratio. 

 

The sample loaded in the transverse direction, AZ31-90°, shows the lowest fatigue strength as 

well as the fatigue ratio. The endurance limit determined at 10
7
 cycles is 80 MPa and the 

fatigue ratio is 0.35. The curve trend evidences a hardening behaviour in AZ31-90°, which 

may be connected to high twinning activity. As in the other sample groups, the AZ31-90° 
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indicates a connection between quasi-static results and dynamic results, i.e. the performance 

of AZ31-90° is the worst in the quasi-static tests as well as in the fatigue tests. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

An additional characteristic of the fatigue results are the shapes of the S-N curves. It can be 

clearly noticed that the samples AZ31-45° and AZ31-90° show a similar behaviour, whereas 

the sample AZ31-0° exhibits a completely different trend. It is worthwhile to point out that in 

the quasi-static tests the mechanical response of AZ31-45° and AZ31-90° are very similar. 

The fatigue behaviour of all samples is mainly related, as in the case of quasi static tests, to 

the crystallographic texture developed during directly extrusion. 

 

The S-N curves of the rotating bending tests on the directly extruded rectangular profile of the 

ZN11 with different sample axes are shown in Fig. 4.20. The fatigue strength of ZN11-0° at 

10
7
 cycles is 90 MPa. The fatigue ratio calculated is 0.42. The curve trend evidences a 

hardening effect, which may be connected to high twinning activity. It is important to 

 

Fig. 4.19. S-N curves of AZ31 with sample axes at, 0°, 45° and 90°. 

The arrows indicate runout conditions and the numbers the quantity 

of runout samples, respectively. 
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consider that the fatigue behaviour of ZN11-0° does not follow the tendency observed in the 

monotonic tests, where the ZN11-0° showed, in general, not the best but a regular response. 

Concerning the sample ZN11-45°, it can be seen that the fatigue properties are lower than the 

sample ZN11-0°. In fact, the fatigue strength of ZN11-45° at 10
7
 cycles is 80 MPa. 

Furthermore, the fatigue ratio calculated is equal to 0.37. The curve trend is similar to the 

sample ZN11-0°, however the sample ZN11-45° does not show markedly hardening 

behaviour. The hardening effect is also attributed to twinning activity. 

 

 

 

Unexpectedly, the fatigue properties of ZN11-90° are the worse among the directly extruded 

ZN11 samples. The fatigue life of ZN11-90° at 10
7
 cycles corresponds to 60 MPa, while the 

fatigue ratio is equivalent to 0.28. The curve trend shows a linear behaviour, which could be 

connected to the effect of particle stringers in the response of this material under dynamic 

loading. It is important to point out that this fatigue ratio is considered quite low even among 

magnesium alloys. 

 

 

 

Fig. 4.20. S-N curves of ZN11 with sample axes at, 0°, 45° and 90°. 

The arrows indicate runout conditions and the numbers the quantity 

of runout samples, respectively. 
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4.6.3 Indirectly extruded profiles after heat treatment 

 

The S-N curves of the rotating bending tests on the directly extruded AZ31-HT and ZN11-HT 

after heat treatment are shown in Fig. 4.21. Regarding to the S-N curve of AZ31-HT, 

similarities with the as-extruded AZ31 are observed. The fatigue strength of AZ31-HT is 90 

MPa. However, the fatigue ratio is slightly higher and corresponds to 0.34.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.21. S-N curves of AZ31-HT, ZN11-HT. The arrows indicate 

runout conditions and the numbers the quantity of runout samples, 

respectively. 

 

On the other hand, the ZN11-HT does not show similarities to the as-extruded ZN11. The 

fatigue strength of ZN11-HT at 10
7
 cycles is notably low, corresponding to 50 MPa. In 

addition, the fatigue ratio equal to 0.24 is significantly low in comparison to as-extruded 

ZN11. As the as-extruded and the heat treated ZN11 alloys show a comparable texture and 

mechanical behaviour under quasi-static loading, this deterioration in the fatigue behaviour of 

the ZN11-HT may be related to the precipitates formed during aging. It is worthwhile to 

emphasize that the precipitates of ZN11-HT are mainly located at the grain boundary. 
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4.7 Microstructural characterization after fatigue testing 

 

The results of the microstructural characterization of the samples after fatigue testing will be 

presented in the following sequence: indirectly extruded profiles, directly extruded profiles 

and post-extrusion heat treated alloys. Characterization after fatigue testing was carried out by 

means of SEM and EBSD. 

4.7.1 Indirectly extruded profiles 

 

The fracture surfaces of the indirectly extruded samples are exhibited in Fig. 4.22. Samples 

fractured after the similar number of loading cycles were selected for investigation. It can be 

observed that in all alloys, fatigue failure originates mainly at the surface of the specimens, as 

is generally observed in fatigue specimens fractured by rotating bending. This is a result of 

the fact that the bending moment is highest at the sample surface. 

 

On the fracture surface of the AZ31 sample (Fig. 4.22a), some cleavage structures are 

observed while the main feature was the presence of twins. The twins were mainly found in 

the crack initiation region which is rather flat. Moreover, the crack initiation region does not 

show evidence of a high degree of deformation. These observations suggest that deformation 

twins may have some influence on the crack initiation process.  

 

In contrast to AZ31, the fracture surface of ZN11 is characterized by a highly deformed 

structure in the crack initiation region. On the other hand, some lamellar quasi-cleavage 

regions, together with Mg-Nd-Zn particles and an oxide layer are observed on the fracture 

surface, as indicated in Fig. 4.22b. However, no twins can be observed in this microstructure. 

 

Similar to ZN11, the alloy ZN00 is also characterized by a high degree of deformation in the 

crack initiation region as can be seen in Fig. 4.22c. However, the microstructure of ZN00 

shows different features, such as twins, oxide layers and slip lines. The fracture surface of 

ZN00 suggests the participation of other microstructural features in the fatigue damage 

mechanism. In contrast, the fracture surface of ZNK111 is dominated by the presence of 

oxide layers and Mg-Nd-Zn-Zr particles, which appear to have fractured during the fatigue 

test. Moreover, the fracture surface of ZNK111 does not show a highly deformed structure in 

the crack initiation area, which implies that this alloy could have developed hardening during 

the test. 

 



4. Results 

64 

 

a) AZ31: ±120 MPa, 2.6 x10
5
 cycles 

 

b) ZN11: ±90 MPa, 1.3 x10
5
 cycles 

 

c) ZN00: ±80 MPa, 1.3 x10
5
 cycles 

 

d) ZNK111: ±100 MPa, 1.4 x10
5
 cycles 

 

Fig. 4.22. SEM images (BSE) of the fracture surfaces of the a) AZ31, b) ZN11, c) ZN00, d) 

ZNK111 alloys after fatigue testing. The red circles indicate the crack initiation regions. 

 

In Fig. 4.23 the results of microcrack characterization are shown. The microcracks in AZ31 

are mainly characterized by deflections and the presence of twins and intrusion/extrusion 

bands, as can been observed in Fig. 4.23a. Deflection of microcracks occurs mainly along the 

grains boundaries as the crack passes into the neighbouring grain. This feature is mainly 

related to the limited number of dislocation slip systems in the present alloys [112]. On the 

other hand, microcrack deflection can be a result of an interaction between crack propagation 

and microstructural barriers. 
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A further feature observed is the presence, although few in number, of extrusion/intrusion 

bands. In contrast to AZ31, the microcracks in ZN11 (Fig. 4.23b) are not associated with 

twins. Instead, abundant slip markings as well as Mg-Nd-Zn particles can be observed near to 

the microcracks. Microcrack deflection in ZN11 is considered to be regular. Moreover, the 

microcracks exhibit mainly transgranular character, propagating principally through the slip 

bands. 

 

a) 

 

 

 

 

 

 

 

 

 

 

b) 

c) 

 

 

 

 

 

 

 

 

 

 

d) 

4.23. SEM images (BSE) of the fracture surfaces of the a) AZ31, b) ZN11, c) ZN00, d) 

ZNK111 alloys after fatigue testing. The red circles indicate the main features of the 

microcrack region. 

 

The microcracks in ZN00 are associated with the presence of several intrusion/extrusion 

bands as well as twins (Fig. 4.23c). As in the case of the other alloys, microcrack deflection is 

also observed. The branches resulting from microcrack deflection propagate mainly along the 
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intrusion/extrusion bands. In the ZNK111 alloy, which has a large amount of precipitates 

(Fig. 4.23d), microcracks showing deflection as well as the presence of intrusion/extrusion 

bands are observed. Again, the crack branch originating from the microcrack also seems to 

develop through the intrusion/extrusion bands, as in the case of ZN00.  

 

Fig. 4.24 shows EBSD orientation maps of AZ31, measured on a surface region exhibiting 

microcracks. The orientation map reveals the activity of {10-12} twinning (depicted in red) 

connected or very near to the microcrack. The {10-12} twins are mainly found in the 

unrecrystallized grains as well as in coarse equiaxed grains. Few intrusion/extrusion bands 

(inside the blue circle) are observed near the microcrack, as indicated in Fig. 4.23. The 

intrusion/extrusion bands correspond to a rough surface, which produces variations in the 

image quality map due to deviations in the surface plane from the ideal 70° tilt for diffraction. 

As a result, the Kikuchi patterns captured at such a surface show a dererioration in pattern 

quality; therefore they are frequently seen as non-indexed areas, i.e. black spots in the EBSD 

maps. The microcracks in AZ31 exhibit mainly transgranular propagation and occasionally 

propagate through the twin bands.  

 

 

 Fig. 4.24. EBSD measurement of AZ31 (±130 MPa, 1.3 x10
5
 cycles); a) 

orientation map longitudinal section and b) boundary map on the IQ 

map near to the microcrack (tensile twins = red and high angle grain 

boundaries = black). 

In Fig. 4.25, the EBSD measurement of an AZ31 runout sample (± 90 MPa, 1.0 x10
7
 cycles) 

is shown. In this case, a high activity of {10-12} twinning is observed. As seen previously, 
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this activity is more intense in the coarser or unrecrystallized grains. On the other hand, a new 

feature is found in this sample, the presence of double twins (depicted in green).  

 

 Fig. 4.25. EBSD measurement of an AZ31 runout sample (± 90 MPa, 

1.0 x10
7
 cycles), a) orientation map longitudinal section and b) boundary 

map on the IQ map near to the microcrack, c) twinned grains (tensile 

twins = red and high angle grain boundary = black) and d) twinned 

grains (double twins = green). 

 

The EBSD results for a ZN11 sample (±90 MPa, 2.0 x10
5
 cycles) are exhibited in Fig. 4.26. A 

random orientation of the grains can be observed in the orientation map. As mentioned 

previously, the microcrack does not undergo severe deflection. This microstructure is defined 

by the absence of twins as well as by the abundance of slip activity. Almost all the grains near 

to the microcrack show slip traces.  

 

 

 Fig. 4.26. EBSD measurement of ZN11 (±90 MPa, 2.0 x10
5
 cycles), a) 

orientation map longitudinal section and b) boundary map on the IQ 

map near to the microcrack, respectively. High angle grain boundary 

(black) and basal slip activity (red lines). 
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Slip trace analysis was performed in order to characterize the slip activity in the material. This 

sample exhibits mainly basal slip, as can be seen from the traces of the basal planes (red lines) 

in Fig. 4.26. The character of the microcrack is essentially transgranular. 

 

 

 

 

 

Fig. 4.27. EBSD measurement of a ZN11 runout sample (± 70 MPa, 1.0 

x10
7
 cycles), a) orientation map longitudinal section and b) boundary map 

on the IQ map, c) grains indicating occurrence of basal slip activity (high 

angle grain boundary = black ) and d) red lines indicate basal slip activity. 

 

The EBSD measurement of a ZN11 runout sample (± 70 MPa, 1.0 x10
7
 cycles) is exhibited in 

Fig. 4.27. Similar to the sample fractured after 2.0 x10
5
 cycles presented in Fig.4.26, twinning 

is not observed. Furthermore many grains containing slip markings indicating the formation 

of persistent slip bands can be seen. In addition, several extrusion/intrusion bands (black spots 

in the orientation map) are present at the sample surface. Slip trace analysis shows basal plane 

slip activity (plane trace marked as red line).  

 

In contrast, large numbers of tensile twins are observed near to the microcrack in the ZN00 

sample (±80 MPa, 3.0 x10
5
 cycles) shown in Fig. 4.28. Intrusion/extrusion bands (dotted in 

yellow) can also be observed; however, the {10-12} twin boundaries constitute the evident 

majority. The microcrack in ZN00 does not show evidence of branching, propagating mainly 

through the grains. Propagation of the microcrack along the twin bands is also observed 

(marked by the blue circle).  
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 Fig. 4.28. EBSD measurement of a ZN00 sample (±80 MPa, 3.0 x10
5
 

cycles), a) orientation map longitudinal section and b) boundary map on 

the IQ map near to the microcrack (tensile twins = red , high angle grain 

boundary= black). 

 

 

 

 Fig. 4.29. EBSD measurement of a ZN00 runout sample (± 60 MPa, 1.0 

x10
7
 cycles), a) orientation map longitudinal section and b) boundary 

map on the IQ map, c) grains exhibit persistent slip band activity, d) 

occurrence of non-basal slip and e) basal slip. 

 

The results for a ZN00 runout sample are shown in Fig. 4.29. Some intrusion /extrusion 

bands, as in the case of the fractured sample, can be observed. Large numbers of {10-12} twin 

boundaries can be seen; moreover some grains exhibit persistent slip band activity, principally 

in the grains containing intrusion/extrusion bands. Slip trace analysis identified the activity of 
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both basal and non-basal slip. Basal slip is represented by the red line, while the non-basal 

slip is indicated in the inset to the upper right of Fig. 4.29. 

 

The orientation map of a ZNK111 sample (±100 MPa, 1.8 x10
5
 cycles) is shown in Fig. 4.30, 

reveals homogeneous twinning activity, which can also be seen in the boundary map. Slip 

markings, which are related to persistent slip band activity, are only observed in a minority of 

the grains. The activation of {10-12} twinning is dominant. Another interesting feature 

concerning the microcrack is the evidence for branching. It is important to recall that this 

alloy shows a weak and unusual texture, as do the other rare-earth element containing alloys.  

 

 

 Fig. 4.30. EBSD measurement of a ZNK111 sample (±100 MPa, 1.8 

x10
5
 cycles), a) orientation map longitudinal section and b) boundary 

map on the IQ map near to the microcrack (tensile twins = red, high 

angle grain boundary= black). 

 

 

The homogeneous distribution of the {10-12} twin boundaries is more evident in the runout 

sample, as can be observed in Fig. 4.31. In the orientation map, precipitate stringers oriented 

in the extrusion direction are also observed. Because the crystal structure of the precipitates is 

different to that of Mg matrix, the Kikuchi pattern quality is lower in the area around the 

precipitates. As a result, the band shaped agglomerates of precipitates are clearly visible in the 

image quality map.  Some grains exhibit slip markings and slip trace analysis reveals that the 

majority of the grains show evidence of basal slip activity (red lines in individual grains). 

 

 

40 μm 
40 μm 

a 

 
b 

 

ED 



4. Results 

71 

 

 

 

Fig. 4.31. EBSD measurement of a ZNK111 runout sample (± 80 MPa, 

1.0 x10
7
 cycles), a) orientation map longitudinal section and b) 

boundary map on the IQ map, c) grains exhibit slip markings, d) and e) 

evidence of basal slip activity.  

 

4.7.2 Directly extruded profiles 

 

The microstructural features observed around the microcracks in the AZ31-0 ° sample after 

fatigue testing are depicted in Fig.4.32. Branching of the microcracks and the development of 

intrusion/extrusions in the grains near to the microcracks are clearly observed. In addition, 

several grains exhibit slip markings, indicating persistent slip band activity. Interestingly, 

twinning activity is observed in some grains having the persistent slip bands, shown in the 

bottom-right of Fig. 4.32. Furthermore, small cracks along the twin boundaries are also 

visible. 

 

A considerable number of intrusion/extrusion slip bands can be seen near the microcracks in 

the fractured AZ31-45 ° sample, Fig. 4.33. Decohesion of these bands is also observed, which 

leads to the propagation of the microcrack, as can be seen in Fig. 4.33. Moreover, a number of 

cracks are formed along the twin boundaries where stress concentrations and dislocation 

accumulation occur. 
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Fig. 4.32. SEM images (BSE) of the fracture surface of an AZ31-0 ° sample (± 120 MPa, 2.0 

x10
5
 cycles) after fatigue testing. 

 

The same general pattern is observed in the AZ31-90 ° sample, Fig. 4.34, where the 

intrusion/extrusion bands interact with twins. Several intrusion/extrusion bands, as well as 

twins, can be seen near to the microcrack. A large number of cracks can be observed inside 

the twin bands, however, some cracks are also formed by decohesion of intrusion/extrusion 

bands. Another interesting feature in this microstructure is the severe crack deflection, which 

is characterized by the formation of a large number of branches. 

 

 

Fig. 4.33. SEM images (BSE) of the fracture surface of an AZ31-45 ° sample (± 120 MPa, 2.3 

x10
5
 cycles) after fatigue testing. 
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Fig. 4.34. SEM images (BSE) of the fracture surface of an AZ31-90 ° sample (± 120 MPa, 1.4 

x10
5
 cycles) after fatigue testing. 

 

EBSD measurements on the AZ31-0 °, AZ31, 45 ° and AZ31-90 ° samples are shown in Fig. 

4.35. It is important to recall that the directly extruded profiles exhibit significant 

microstructural inhomogeneity and contain both large and small equiaxed grains. EBSD 

measurements were made on regions around the microcracks at the surface of fractured 

specimens and {10-12} twins are depicted in red.  

 

AZ31-0° AZ31-45° AZ31-90° 

 

 Fig. 4.35. EBSD measurement orientation map and boundary map on 

the IQ map near to the microcrack, measured after the fracture of the 

AZ31-0 ° (± 120 MPa, 2.0 x10
5
 cycles), AZ31-45 ° (± 120 MPa, 2.3 

x10
5
 cycles) and AZ31-90 ° (± 120 MPa, 1.4 x10

5
 cycles) samples. 

Tensile twins = red, high angle grain boundary = black.  
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In the AZ31-0 ° sample a small number of {10-12} twin boundaries is observed, whereas the 

AZ31-90 ° sample shows the highest twinning activity. In terms of twinning activity, the 

AZ31-45 ° sample is more similar to AZ31-0 ° than to AZ31-90 °. However, the AZ31-45 ° 

sample does not show severe microcrack branching as in the case of the AZ31-0 ° sample. 

 

 

Fig. 4.36. Slip trace analysis after fracture of the a) AZ31-0 °, b) AZ31-45 ° and                     

c) AZ31-90 ° samples. The crystallographic traces (red lines) indicate the activity of non-

basal (i.e. prismatic slip) and basal slip.  

 

In addition to {10-12} twinning, some grains near to the microcrack showed indications of 

slip activity. Slip trace analysis was employed in order to identify the slip planes. In the 

AZ31-0 ° sample, the activity of prismatic slip is observed, Fig. 4.36a. The same behaviour is 

observed in the AZ31-45 ° sample, Fig. 4.36b. The AZ31-90 ° sample shows evidence of both 

basal and non-basal slip. It is worth pointing out that the grains analyzed were close to the 

microcracks, i.e. in  regions which undergo severe deformation. 

 

The microcrack characterization of the ZN11-0 ° sample is shown in Fig. 4.37. Lines of 

precipitates oriented parallel to the extrusion direction are observed all over the sample 

surface with some precipitates located at grain boundaries. Intrusion/extrusion bands, which 

are confined within the grains, are also present close to the microcracks. Furthermore, the 

grains are decorated by very small precipitates. Large numbers of twins are also observed, 

especially connected to the microcrack. Moreover, severe microcrack deflection takes place 

and many branched microcracks, which develop mainly along twin boundaries, are observed. 
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Fig. 4.37. SEM images (BSE) of the fracture surface of a ZN11-0 ° sample (± 120 MPa, 2.3 

x10
5
 cycles) after fatigue testing. 

 

A large number of persistent slip bands and consequently intrusion/extrusion bands are 

revealed in the microcrack characterization of a ZN11-45 ° sample, Fig. 4.38. The 

intrusion/extrusion bands are found to be confined within the grains, as in the case of the 

ZN11-0 ° sample. Moreover, the grains are decorated by very small precipitates. However, in 

contrast to the ZN11-0 ° sample, the microcrack and its branches grow preferentially through 

decohesion of the intrusion/extrusion bands instead of the twin bands. 

 

 

Fig. 4.38. SEM images (BSE) of the fracture surface of a ZN11-45 ° sample (± 120 MPa, 1.7 

x10
5
 cycles) after fatigue testing. 
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Fig. 4.39. SEM images (BSE) of the fracture surface of a ZN11-90 ° sample (± 120 MPa, 2.9 

x10
5
 cycles) after fatigue testing. 

 

With regard to the microcracks in the ZN11-90 ° samples, another interesting feature is 

identified, Fig. 4.39. In this microstructure the microcrack follows the intrusion/extrusion 

bands but some other type of deformation, which seems to be twinning, is also present. As the 

latter is accompanied by a change in the crystallographic orientation, slip bands within the 

twins also affect microcrack propagation. The microstructure close or near to the microcrack 

appears to be influenced first by the twins and subsequently intrusion/extrusion slip bands are 

formed. Furthermore, a large amount of precipitates is observed throughout the 

microstructure. It must be emphasized that the microcrack in the ZN11-90 ° sample 

propagates mainly along intrusion/extrusion bands. Crack branching and the initiation of 

microcracks along twin boundaries are also observed (marked by the red arrow). 

 

The EBSD results for the ZN11-0 °, ZN11-45 ° and ZN11-90 ° samples after fatigue testing 

are illustrated in Fig. 4.40. In the orientation map of the ZN11-0° sample, a high density of 

{10-12} twins in the vicinity of the microcrack is observed; the corresponding twin 

boundaries are marked as red in the EBSD boundary map. Microcrack deflection is another 

important feature of the ZN11-0 ° microstructure after fatigue testing. Furthermore, the 

transgranular characteristic of this sample fracture is also evident. A large number of grains 

exhibiting slip markings is also observed. Slip trace analysis indicates that the majority of the 

grains containing slip markings show the activity of basal slip as can be seen in Fig. 4.41a.  
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ZN11-0° ZN11-45° ZN11-90° 

 

 Fig. 4.40. EBSD orientation map and boundary map on the IQ map 

near to the microcrack, measured after fracture of ZN11-0 ° (± 120 

MPa, 2.3 x10
5
 cycles), ZN11-45 ° (± 120 MPa, 1.7 x10

5
 cycles) and 

ZN11-90 ° (± 120 MPa, 2.9 x10
5
 cycles) samples. Tensile twins = red, 

high angle grain boundary = black. 

 

In contrast, the orientation map of the ZN11-45 ° sample shows no evidence of {10-12} 

twinning near or connected to the microcrack. However, some grains next to the microcrack 

seem to be twinned as shown (inside the white circle) in Fig. 4.40. Moreover, crack deflection 

in this sample is not as severe as in the case of ZN11-0 °. An additional characteristic of this 

sample is the almost complete absence of slip markings. Only few grains could therefore be 

analyzed by slip trace analysis. The activity of basal slip, especially close to the microcrack, is 

shown in Fig. 4.41b. 

 

 

Fig. 4.41. Slip trace analysis after fracture of the a) ZN11-0 °, b) ZN11-45 ° and c) ZN11-90 ° 

samples. 

 

A similar tendency is shown by the ZN11-90 ° sample, which means weak local texture, low 

{10-12} twin activity and no severe crack deflection. As in the case of ZN11-0 °, some grains 
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close to the microcrack seem to be fully twinned. The strong transgranular character of the 

ZN11-90 ° fracture can also be observed. Few grains show evidence of slip bands; however, 

these grains, according to slip trace analysis, show the activity of non-basal slip (Fig. 4.41c). 

The activity of non- basal slip is mainly observed in the grains cut by the microcrack. 

 

4.7.3 Indirectly extruded profiles after heat treatment 

 

Microcrack characterization in AZ31-HT reveals high activity of persistent slip bands and 

consequently intrusion/extrusion bands. Several grains show slip markings, as can be seen in 

Fig. 4.42. Deflection of the microcrack also occurs, although in contrast to other samples, the 

branches are very thin. Moreover, the microcrack branches propagate preferentially through 

the intrusion/extrusion bands. In addition, no direct evidence of twin bands or boundaries was 

found in the microstructure developed after fatigue testing. 

 

The orientation map of AZ31-HT also reveals the absence of a high twin density (Fig.4.43). It 

should be noted that the as-extruded AZ31 alloy showed a significant activity of {10-12} 

twinning. The orientation map reveals a weak texture in this region. Several grains connected 

to the microcrack show indications of slip band activity. Slip trace analysis confirms the 

activity of both basal and non-basal slip (dashed blue circle), as shown in Fig. 4.43. 

 

 

Fig. 4.42. SEM images (BSE) of the fracture surface of an AZ31-HTsample (±120 MPa, 2.2 x 

10
5
 cycles) after fatigue testing. 
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 Fig. 4.43. EBSD measurement of an AZ31-HT sample (±120 MPa, 2.2 x 

10
5
 cycles), a) orientation map longitudinal section and b) boundary map 

on the IQ map near to the microcrack. Slip activity is indicated by red 

lines. 

 

 

 Fig. 4.44. EBSD measurement of an AZ31-HT runout sample (± 90 

MPa, 1.0 x10
7
 cycles), a) orientation map longitudinal section and b) 

boundary map on the IQ map, c) grains containing slip markings, d) 

and e) activity of non-basal slip. 

 

In Fig. 4.44 the EBSD results of a runout sample are exhibited. The same features observed in 

the fractured sample are shown by the runout sample, which means weak texture, low 

twinning activity and a large number of grains containing slip markings. Furthermore, slip 
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trace analyses demonstrate the activity of both basal and non-basal slip (dashed white circles), 

as can be seen Fig. 4.44. 

 

Fig. 4.45. SEM images (BSE) of the fracture surface of a ZN11-HT sample (±70 MPa, 2.3 

x10
5
 cycles) after fatigue testing. 

 

The SEM micrographs of a ZN11-HT sample after fatigue testing can be seen in Fig. 4.45. In 

this microstructure a large number of precipitates concentrated at the grain boundaries are 

observed. Persistent slip bands and consequently intrusion/extrusion bands are also observed. 

It is clear that the grain boundaries act as barriers to the slip bands as well as to the intrusion / 

extrusion bands. Moreover, the crack propagates preferentially through the intrusion/extrusion 

bands, i.e. transgranular propagation. The ZN11-HT microstructure after fatigue testing is 

characterised by the absence of twin bands. 

 

The EBSD orientation and image quality maps of a ZN11-HT sample after fatigue testing are 

illustrated in Fig. 4.46. The most important features are the presence of extrusion/intrusion 

bands and small deformation twins (depicted in red). The twin boundaries are mostly 

observed close to the grain boundary. As mentioned previously, the intrusion/extrusion bands 

constitute a rough surface, resulting in weak Kikuchi-pattern and low indexing quality, 

therefore these bands appear in the EBSD maps as non-indexed areas, i.e. black areas and 

occasional black spots. This microstructure is also characterized by the activity of both basal 

(dashed blue circle) and non basal slip (dashed yellow circle) near to the microcrack. 
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 Fig. 4.46. EBSD measurement of a ZN11-HT sample (±70 MPa, 2.3 x10
5
 

cycles), a) orientation map longitudinal section and b) boundary map on 

the IQ map near to the microcrack (high angle grain boundary = black, red 

lines indicate slip activity) 

 

.

 

 Fig. 4.47. EBSD measurement of a ZN11-HT runout sample (± 50 MPa, 

1.0 x10
7
 cycles), a) orientation map longitudinal section, b) boundary map 

on the IQ map, c) grains containing intrusion/extrusion bands and d) basal 

slip activity. 

 

 

In the ZN11-HT runout sample (Fig. 4.47), in contrast to the fractured sample, a considerable 

number of grains containing intrusion/extrusion bands are distributed in the microstructure. 
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Slip trace analyses show that the majority of the grains have undergone basal slip. In addition, 

the image quality map indicates the presence of small numbers of microtwins (depicted in 

red) as was found in the fractured sample.  
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5. Discussion 
 

The first section of this discussion is concerned with the role of alloy composition and heat 

treatment on the development of microstructure and texture during processing (casting, 

indirect and direct extrusion) of the alloys studied. The primary aim is to compare the 

behaviour of the rare earth containing alloys with that of the conventional AZ31 alloy and 

highlight the differences, especially with regard to texture development, before discussing 

their respective quasi-static and dynamic mechanical behaviour in the second section. 

5.1  As-cast microstructures and the extrusion process 

5.1.1 Effects of alloying elements on as-cast microstructures 

 

The micrographs of the homogenised cast billets, shown in Fig. 4.1, clearly reveal the 

influence of the alloying elements on the as-cast microstructures. This influence manifests 

itself especially in the resulting grain size. The latter is generally determined by parameters 

such as alloy composition, solidification characteristics and cooling rate. Since all the alloys 

in this study were cast in the same manner, i.e. using preheated steel moulds at 200 °C and 

cooling rates of about 2-5 °C/s, the differences in grain size are attributed to the effects of 

alloy composition. The Figure 5.1 summarizes the average grain sizes of the as-cast alloys. 

 

The microstructure of as-cast AZ31 prior to homogenization shown in Fig. 4.1 (a) consists of 

primary α-magnesium grains and γ-Mg17Al12 phases which precipitate at the grain boundaries, 

as extensively reported in the literature [113]. After homogenization, the aluminium and zinc 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 Average grain sizes of the as-cast alloys AZ31, ZN11, ZN00, and ZNK111. 
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in the intermetallic compounds dissolve in the matrix. However, a few small-sized 

intermetallic compounds are still observed within the matrix grains (Fig. 4.2 (a)).  

It is important to point out that an Al4Mn1-x Fex might also be present due to Mn addition. As 

mentioned previously Mn set off the detrimental effect of Fe by forming intermetallic phase 

with this element. This AZ31 alloy is the only aluminium containing alloy in the study. All 

other alloys are aluminium-free alloys that contain Zn, Nd and Zr, which provide different 

degrees of grain refinement [114]. 

 

The effect of Zn can be seen in Fig. 4.1 (b) and (c). The alloy ZN11 (Zn-0.92 wt. %) exhibits 

a finer microstructure in comparison to ZN00 (Zn-0.48 wt. %), which suggests an influence of 

Zn on grain refinement. One mechanism that may be responsible for the grain refining effect 

of Zn in magnesium alloys is based on the crystallographic similarity of the hexagonal close-

packed (hcp) structure in magnesium and zinc [35]. As a result, Zn can act as nuclei for 

magnesium during solidification and, further, as a grain refiner in magnesium alloys [115]. 

Several studies [35], [44], [114]–[118] have reported grain refinement resulting from Zn 

additions, especially in combination with RE elements or Zr. It should be noted that grain 

refinement is considered as a secondary effect of Zn, since this element is most well known 

for promoting hardening in magnesium alloys.  

 

The rare earth elements are widely recognized for their positive influence on the castability of 

magnesium alloys. One of their advantages is grain refinement, as reported in the literature 

[114]. This effect is corroborated by the results found in this study, since the alloy containing 

the higher Nd content (Nd-0.81 wt. %) exhibits a finer grain size (Fig. 4.1 (b)) than the alloy 

containing less Nd (Nd-0.47 wt. %) shown in Fig. 4.1 (c). This result suggests that Nd as well 

as Zn act as grain refiners in the ZN11 and ZN00 alloys. 

 

According to the literature, there are two established mechanisms involving Zn and Nd that 

could promote the grain refinement observed in this study. The first mechanism concerns the 

role of rare-earth elements as surface active elements. Due to this characteristic, enrichment of 

these elements at the solid/liquid interface during the solidification process results in 

constitutional supercooling in the diffusion layer ahead of the advancing solid/liquid interface 

[115]. Therefore, the number of nuclei can be increased by constitutional supercooling. 

Moreover, the reduced diffusion rates of the solute elements can lead to restricted grain 

growth [115]. The second mechanism considers the enrichment of solute atoms leading to the 
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development of intermetallic phases which are mainly distributed at grain boundaries [114], 

[115]. Consequently, grain growth is restrained by the intermetallic phase, i.e. particle pinning 

of boundary motion. Moreover, precipitation can be accelerated by Nd and Zn additions. As 

shown in the SEM images, Fig. 4.2. (b)-(c), intermetallic phases can be observed mainly at 

the grain boundaries. In addition, EDX analyses show that there is a high Nd content in the 

intermetallic phase. According the Mg-Zn-Nd phase diagram this intermetallic phase 

corresponds to very complex ternary compounds [34]. Furthermore, Nd and Mg have 

hexagonal close-packed (HCP) crystal structures with similar lattice parameters. According to 

the principle of “structure matching”, Nd can act as heterogeneous nucleation sites for the α-

Mg phase, which results in grain refinement. The addition of Nd influences not only the grain 

size but also the grain morphology. As can be observed in the ZN11 and ZN00 alloys, the 

grain morphology is more rosette-like. Such a grain morphology has already been reported in 

cast magnesium alloys containing ~ 1 % Nd [114].  

 

Zirconium is an exceptional grain refiner often used in aluminium-free magnesium alloys. In 

the presence of aluminium or impurities, such as Mn, Si, Fe, Ni, Co, zirconium forms stable 

and high melting-point compounds with these elements [35], [44], [119]. Therefore the 

combination of zirconium with any of the previously mentioned elements is usually avoided. 

In Fig. 4.1 (d) the exceptional grain refinement provided by the Zr addition (Zr - 0.61 wt. %) 

can be clearly seen. Moreover, homogeneous and nodular grains are observed.  

In Fig. 5.1 the average grain size of the as-cast alloys investigated in this study are shown. 

The average grain size of the alloy containing Zr (ZNK111) is far below than the values found 

for AZ31, ZN11 and ZN00 alloys, which is mainly attributed to grain refinement provided by 

the Zr addition. In Fig. 5.1 can be observed that there is no significant grain size difference 

between AZ31 and ZN11. This fact can be attributed to Zn addition and the presence of 

intermetallic compounds at the grain boundary. Both alloys contain the same amount of Zn 

(~1 % ) and this element, as discussed previously, act as grain refiner in magnesium alloys. 

The intermetallic compounds at the grain boundaries can act as grain boundary pinning and 

consequently avoiding grain growth. The alloy ZN00 exhibits the largest average grain size 

among the alloys. This fact is explained by the low Zn an Nd amounts and consequently 

reduced grain refinement effect. 

 

The effect of Zr as grain refiner is well established and the grain refinement mechanism has 

been extensively studied. Grain refinement by Zr is noticeable at low levels of soluble Zr [40], 
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[119]. It is worth pointing out that the maximum solubility of Zr in pure magnesium at 654 °C 

is 0.45 wt. %[119]. In magnesium alloys, Zr can readily reduce the average grain size to about 

50 μm from a few millimetres at air cooling rates. Moreover, well-controlled grain refinement 

by zirconium can lead to the formation of nearly spherical or nodular grains, as can be seen in 

Fig 4.1 (d), which further enhances the structural uniformity of the final casting. 

 

One of the grain refinement mechanisms, promoted by Zr, as reported in the literature 

involves “nucleation cores”. These studies describe a specific characteristic of cast 

magnesium alloys containing soluble Zr, which is the presence of Zr-rich cores that exist in 

the majority of matrix grains [120]. Such Zr-rich cores have sizes of about 15 μm at normal 

cooling rates. The cores originate from peritectic solidification, where Zr-rich magnesium 

solidifies following the nucleation of primary Zr particles. 

 

In addition to the heterogeneous nucleation resulting from the Zr addition, some solute 

elements can lead to additional grain refinement. These solute elements can enhance the 

efficiency achieved by the high nucleation rate by restricting grain growth, either at the 

growth front of columnar grains competing with equiaxed solidification or at particles where 

nucleation already occurred [44], [121]–[125]. Moreover, the solute elements increase the 

maximum undercooling achievable before recalescence. This allows mores particles to be 

active in the nucleation and consequently, increases the number density of effective nuclei, 

leading to a finer grain size. A well established additional solute element in the magnesium-Zr 

system is Zn [35]. 

 

The soluble Zr content in magnesium alloy is also strongly influenced by the alloy 

composition. An example of this effect is the addition of Zn to the magnesium- Zr system. 

The soluble Zr content is a function of the Zn content in magnesium-Zn alloys, due to the fact 

that Zn and Zr form stable intermetallic compounds when the Zn content exceeds ~4 wt. %. 

As a result, the zinc zirconides (intermetallic compounds) formed reduce the total amount of 

either free or dissolved Zr in the liquid. The results found in this study confirm the advantages 

in grain refinement brought about by Zr in the Mg-Zn system, since the alloy exhibiting the 

finest microstructure ZNK111 contains Zn (Zn-1.12 wt. %). Moreover, no Zr-rich cores were 

observed in the microstructure, Fig. 4.1(d) and 4.2(d), which suggests that the mechanism 

involving soluble Zr content, is operative.  
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The effects of Nd, Zn, and Zr and other solute element additions on the grain size of cast 

magnesium alloys can be estimated using a growth restriction factor (GRF), given by the 

following equation [114], [126]: 

 

GRF= m (k-1)      (5.1) 

 

In the equation, m corresponds to the slope of the liquidus and k is the equilibrium solute 

distribution coefficient [114], [126]. In Table 5.1, the GRF values for various alloying 

elements in magnesium are shown [114], [126]. In order to establish a fair comparison of the 

effectiveness of different alloying additions on grain refinement, the calculation is based on 

one unit of concentration.  

 

As can be observed, Zr has the highest GRF value, which corresponds to 38.29. The GRF of 

Zn corresponds to 5.31, whereas the GRF of Nd is equivalent to 2.75. In other words, the 

potential of Zr grain refinement is high enough to allow exceptional grain refinement even in 

small amounts, as can be seen in Fig. 4.1 (d). Consequently, other solute elements such as Zn 

and Nd, are coadjutants of Zr in the promotion of a gradual reduction in grain size. 

 

Table 5.1 Effectiveness of different alloy additions on grain refinement [114], [126]. 

 

 

5.1.2 Effects of alloy composition and extrusion parameters on the as-extruded 

microstructures 

 

In Table 5.2, the main characteristics of the microstructures obtained after indirect extrusion 

of the various alloys are shown together with the processing parameters used.  

 

The microstructure exhibited by AZ31 is partially recrystallised containing some 

unrecrystallised grains, which can be seen “elongated” in the extrusion direction. In addition, 

many fine recrystallised grains, commonly surrounding coarser grains or unrecrystallised 

grains (Fig. 4.5(a)), are observed. Mg-Al, Mg-Al-Zn and Mg-Al-Mn intermetallic compounds 

are also present in the as-extruded bar mainly in the form of stringers parallel to the extrusion 
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direction. These might be formed by the break-up of the particles observed in the 

homogenised billet and/or dynamic precipitation during extrusion. Moreover, some 

precipitates are observed at the grain boundaries (see Fig. 4.5 (a) and 4.6(a)). 

 

Table.5.2. Indirect extrusion: main characteristics of the as-extruded microstructures 

 

 

The maximum and minimum grain sizes (the latter measured from the equiaxed grains) as 

well as the average grain size value are summarized in Table 5.3. Although this 

microstructure slightly recalls the “necklace structure” often found as a result of 

discontinuous dynamic recrystallisation (DDRX) [127], [128], its formation in this case is 

related more to grain growth. DRX occurs during extrusion and subsequently fast growth of 

some equiaxed grains takes place. As a result a bimodal microstructure, composed of fine and 

coarser grains, is observed. 

 

Table 5.3 Grain size data of the various alloys after indirect extrusion 

 

 

The extrusion ratio is a fundamental parameter on dynamic recrystallisation and consequently 

has high influence on the as extruded microstructure. As widely reported in the literature 

[128] the extrusion ratio has a direct influence on the hot workability and plastic deformation 

of the material. Generally, grain size tends to decrease as the extrusion ratio increases [128]–

[131]. This effect could be explained by the DRX that the material undergoes during hot 

extrusion. The DRX increases as does the extrusion ratio, due to enhancement of deformation, 

which means high degree of workability. It should be noted that DRX is a powerful grain 

refinement mechanism in magnesium alloys that undergo thermomechanical processing. 
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Moreover, some articles also report a direct relationship between extrusion ratio and extrusion 

velocity [132]. In other words, when the extrusion ratio is increased the extrusion velocity is 

also increased. It must be remembered that in this study, in all experiments involving indirect 

extrusion the ratio was 1:30.  

 

In order to obtain the same range of average grain size, the extrusion speed of AZ31 (see Fig. 

4.3 (a)) was higher than the other materials in the study (see Fig. 4.3 (b),(c),(d)). The other 

parameters were kept constant. As the alloys containing Nd show a greater tendency to 

recrystallisation than AZ31, the extrusion speed was chosen to control the final grain size. 

The ram speed or extrusion velocity is a significant parameter in the extrusion process. 

Generally the extrusion velocity has high impact on the final grain size of as-extruded 

microstructures, since higher velocity would generate more heat resulting from the high 

internal friction, and therefore raise the process temperature. It is well known that the higher 

temperature favours occurrence of larger grain size as a result of recrystallisation and grain 

growth.  

 

Extrusion temperature itself is a further essential parameter in the extrusion process. It is 

important to distinguish the nominal extrusion temperature from the actual extrusion 

temperature especially at higher extrusion velocities. The actual extrusion temperature is 

determined by the initial billet temperature as well as the heat generated during deformation, 

which as mentioned previously strongly depends on the extrusion ratio R as well as the 

extrusion speed. The extrusion temperature mainly influences the nucleation of DRX grains 

and the DRX kinetics during extrusion [133].  

 

The average grain sizes, as well as the maximum and minimum grain sizes of the indirectly 

extruded alloys are summarized in Table 5.3. Generally, in the indirectly extruded profiles, 

the average grain size followed the temperature trend. In other words, the higher the 

temperature, the larger was the resulted grain size. It is important to emphasize that for 

ZNK111 the extrusion temperature could not be recorded due to a thermocouple defect.  

 

The alloys containing Nd exhibit fully recrystallised (nodular grains) microstructures after 

extrusion and small precipitates (< 1 μm) are present at the grain boundaries. Although the 

distribution of precipitates after extrusion may be considered homogeneous, some 

concentrations of precipitates were found to be arranged in “stringers” aligned in the extrusion 
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direction. These precipitates and precipitate stringers are formed from the magnesium-

neodymium-zinc intermetallic phases present in the homogenised billet (Fig. 4.1(b)) and by 

dynamic precipitation during extrusion. As the ZN00 alloy contains less zinc and 

neodyminum (see Table 4.1), this alloy shows a smaller amount of precipitates in comparison 

to the ZN11 alloy. In the literature, some factors believed to be responsible for the fully 

recrystallised structures in Nd-containing alloys have been noted. Many authors have reported 

that recrystallisation (RX) is accelerated by rare earth elements additions, even in dilute 

concentrations [60], [63]. A possible mechanism for this is the occurrence of particle 

stimulated nucleation (PSN). Mackenzie et al.[59] and Robson et al. [71] reported that PSN is 

an active mechanism during deformation; however recrystallised grains formed by this 

mechanism make a very small contribution to the overall RX behaviour. Another possible 

mechanism is related to the greater activity of non-basal slip systems in RE-containing alloys, 

which should result in a more homogeneous distribution of shear bands and further 

homogeneous nucleation [63]. The enhancement of both non-basal slip and 

compression/secondary twinning in RE-containing alloys could therefore promote more 

homogeneous nucleation of recrystallisation. However, it is still unclear how RE additions 

influence the recrystallisation behaviour of Mg alloys.  

 

As discussed in the previous section, grain growth during extrusion and subsequent cooling 

can be retarded by the intermetallic phases [134] formed in Mg-RE alloys, because the 

particles act as barriers to grain boundary motion. Moreover, RE solute atoms may also hinder 

grain boundary movement. These mechanisms are known as Smith-Zener pinning and solute 

drag, respectively. Zener pinning is fundamental in thermomechanical process since it 

influences the distribution of fine particles on the movement of both low and high angle grain 

boundaries. The fine particles avoid the movement of these boundaries by applying a pinning 

pressure which neutralizes the driving force pushing the boundaries [135]. Solute drag also 

concerns a dragging pressure on the boundary. In order to minimize the energy, solute 

elements segregate to grain boundaries. During boundary motion, a diffusion of the solute 

takes place but it moves very slowly delaying the boundary motion. As a consequence a 

dragging pressure on the boundary is formed [136]. The present study also shows that such 

intermetallic phases play a fundamental role in retarding grain growth. For example, the ZN11 

alloy has many more particles at the grain boundary than the ZN00 alloy (see Fig. 4.6 (b) and 

(c)). Consequently, grain growth is more effectively hindered in the alloy having the larger 

amount of particles, which therefore shows a finer grain size. In fact, ZN11 has a finer 

microstructure compared to ZN00 (Table 5.2 and Fig. 4.5 (b) and (c)). The ZNK111 alloy has 
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the largest alloying element content of all the alloys studied. As shown in Fig. 4.6 (d), many 

precipitates are concentrated at the grain boundaries, in addition to the particles stringers. The 

largest particle drag effect on grain growth is thus expected in this alloy. It is important to 

emphasize that the ZNK111 alloy also had the smallest grain size in the as-cast condition (see 

Fig. 4.1 (d)) and consequently the fine grain size after extrusion could be also influenced by 

the grain size of the feedstock material. Furthermore, it is observed that a relatively fine grain 

structure is formed around the particle stringers, Fig. 4.5, even though their area fraction is 

very small. As the area of the fine grains around the particle stringers is a potential site for 

PSN, this result may support earlier findings [71] which indicate that PSN only makes a very 

small contribution to the overall RX behaviour. However, the main contribution of the particle 

stringers to the as-extruded grain structure is again particle pinning, as indicated by the linear 

boundaries facing the stringers, i.e. grain boundary motion is fully prohibited.  

 

The importance of the extrusion ratio is even more evident in the case of direct extrusion. It 

must be noted that the extrusion ratio employed in the direct extrusion experiments was 10 in 

contrast to the extrusion ratio in the indirect extrusion experiments, which was 30. The 

extrusion parameters and microstructural characteristics of AZ31 indirectly and directly 

extruded are shown in Table 5.4. 

 

Table 5.4 AZ31: Extrusion parameters and microstructural features 

*IE = Indirectly Extruded  *DE= Directly Extruded 

 

The directly extruded AZ31 alloy, AZ31-DE, has a more inhomogeneous microstructure, Fig. 

4.9 (a), in comparison to the indirectly extruded AZ31. Moreover, the amount of 

unrecrystallised grains (elongated grains) is significantly higher than in the case of indirect 

extrusion where the presence of large and small recrystallised grains is predominant. The 

directly extruded AZ31 alloy also exhibits smaller grain size in contrast to indirectly extruded 

AZ31. 

 

Extrusion Ratio Extrusion Speed Extrusion Temp. 

AZ31- IE* 

AZ31- DE* 

30 

10 

2.8 

5.0 

425 

386 

Microstructure 

Partially recrystallised 

„Large and small grains“ 

Grain Size 

11.0 

9.0 

(1: X) (mm/s) (°C) RX (μm) 

Partially recrystallised 

„Stretched grains“ 
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The extrusion speed of the AZ31-DE is higher than the indirectly extruded AZ31. However, 

the extrusion temperature of AZ31-DE is lower than the indirectly extruded AZ31. In this 

case the billet temperature must be taken in account. It is worth noting that the billet 

temperature of directly extruded AZ31 was 250 °C, whereas the billet temperature of 

indirectly extruded AZ31 was 300 °C. The latter explains the final average grain sizes 

measured from the equiaxed grains of both microstructures (see Table 5.4).  

 

As mentioned previously, high extrusion ratios favour the development of dynamic 

recrystallisation [128], [133]. This is explained by the fact that the density of dislocations in 

grains increases with increasing extrusion ratio, suggesting that crystal lattice distortion 

becomes more severe [137]. Therefore the nucleation rate is larger at high extrusion ratios and 

consequently more grain refinement is attained, as in the case of AZ31-IE (R=30). Moreover, 

a high extrusion ratio leads to an increase in the process temperature, which further results in 

more advanced recrystallisation. The low occurrence of DRX in AZ31-DE explains the large 

fraction of unrecrystallised grains.  

 

The main extrusion parameters and microstructural characteristics of indirectly and directly 

extruded ZN11 are shown in Table 5.5. 

 

Table 5.5 ZN11: Extrusion parameters and microstructural features 

*IE = Indirectly Extruded  *DE= Directly Extruded 

 

In contrast to ZN11-IE, the microstructure of ZN11-DE is a partially recrystallised 

microstructure containing a large fraction of unrecrystallised grains (see Fig. 4.8 (b)). This 

result is mainly attributed to the low extrusion ratio (R=10) resulting in a lower degree of 

deformation and consequently lower degree of RX, compared to ZN11-IE extruded at R = 30.  

 

A further important characteristic of ZN11-DE is the location of precipitates. The precipitates 

are mainly found at grain boundaries as well as in the form of particle stringers. It is important 

to note that ZN11 directly extruded at a higher extrusion speed and temperature has the same 

Extrusion Ratio Extrusion Speed Extrusion Temp. 

ZN11- IE* 

ZN11- DE* 

30 

10 

1.0 

3.3 

399 

445 

Microstructure 

Fully recrystallised 

„Nodular grains“ 

Partially recrystallised 

„Stretched grains“ 

Grain Size 

8.0 

8.0 

(1: X) (mm/s) (°C) RX (μm) 
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range of grain size as exhibited by indirectly extruded ZN11 (see Table 5.5). This result 

suggests that the above mentioned characteristic is related to the precipitates located at the 

grain boundaries, which indicate the occurrence of the Smith-Zener pinning mechanism. As 

reported previously, precipitates at grain boundaries are responsible for restricting the 

movement of grain boundaries during the grain growth stage [134]. The result of the 

retardation of grain growth by the precipitates is a very stable microstructure even at high 

extrusion rates and temperatures, as can be observed in the case of ZN11. Moreover, RE 

elements in solid solution can also retard grain growth [138], i.e. via solute drag. 

 

5.2 Texture development during extrusion and heat treatment 

5.2.1 Texture development during indirect extrusion 

 

The inverse pole figure of the as-extruded AZ31 shows a strong (10.0) fibre texture in the 

extrusion direction (see Fig.4.7 (a)). The development of this texture component is considered 

to be typical for round bar extruded magnesium alloys [46], [139], [140]. The alignment of 

the basal planes in the extrusion direction is the main feature of the observed texture. The 

formation of this texture is explained by the fact that extrusion involves deformation similar 

to uni-axial loading. In this case the basal planes, which contain the (11.0) Burgers vector of 

the dislocations mainly activated are rotated to be parallel to the main deformation axis, i.e. 

the extrusion direction [141]. Moreover, this fibre texture can also be attributed to the 

unrecrystallised grains present in the microstructure [139]. 

 

In contrast to the AZ31 alloy, the alloys containing Nd show a texture component 

corresponding to the basal poles tilted away from the extrusion direction, i.e. the max 

intensity is located at a position between the <11.0> and <00.1> poles, see Fig.4.7 (b), (c), 

(d)). Moreover, they have a remarkably weak texture. The former texture component is 

referred to as the “rare earth component”[63]. The rare earth texture corresponds to the 

<11.1> direction being parallel to the extrusion direction [63]. It is well established that rare 

earth element additions generally result in significant texture weakening [142], [143]. Various 

mechanisms for the texture weakening effect in RE containing alloys have been suggested in 

the literature.  

 

Stanford et al. [63] proposed that the origin of the rare earth texture component was in the 

higher propensity for nucleation at shear bands in rare earth containing alloys. On the other 
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hand, Ball et al. [13] suggested that Nd-containing intermetallic precipitates increase the 

driving force for recrystallisation by generating local inhomogeneities in the strain energy and 

orientation which result in particle stimulated nucleation (PSN) of recrystallisation. Bohlen et 

al. [138] found that the addition of rare earth elements could influence boundary pinning and 

retard grain growth leading finally to weak textures in completely recrystallised materials. 

Other authors [60], [63] reported that even dilute amounts of rare earth elements (which do 

not form significant amounts of particles) could contribute to the randomization of the texture 

in fully recrystallised microstructures with a more accentuated RE texture component with the 

(11.1) direction being parallel to the extrusion direction. However, the mechanisms 

responsible for these texture variations and their microstructure are still under discussion.  

 

Concerning the development of the RE texture component in the present ZN11 and ZN00 

alloys, the PSN mechanism is not likely to occur in these alloys, because it is mainly active in 

alloys containing larger RE contents and larger precipitates. An additional characteristic of the 

ZN11 and ZN00 is the fully recrystallised microstructure with fine precipitates located at the 

grain boundaries. Consequently, the randomization of the texture seems to be attributed to the 

relatively homogeneous deformation induced by the rare earth addition, which leads to a 

homogeneity in the nucleation of dynamic recrystallisation, and retardation of grain growth. 

These effects have already been documented in the weakening of the basal texture in rolled 

sheets [14], [59].  

 

Regarding the alloy containing zirconium (see Fig.4.7 (d)), even though the mechanisms 

described above make the main contribution to the randomization of the texture, the PSN 

mechanism should also be considered. The main evidence for the occurrence of PSN would 

be the presence of very small grains near to the particle stringers. Moreover, this alloy 

contains more alloying elements and coarser particles in the form of particle stringers. These 

characteristics may play a role in the activation of PSN. On the other hand, the presence of 

very small grains near to the particle stringers could be related to the small particles at the 

grain boundary. As mentioned previously, these particles have been known to pin grain 

boundary and prevent grain growth. 
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5.2.2 Texture development during direct extrusion 

 

As shown in Fig. 4.10 (a), the rectangular profile of the AZ31 alloy developed strong 

alignment of the basal poles in the normal direction. This texture is typically developed during 

the rolling of AZ31 sheets [144]. The main reason for the formation of the basal type texture 

is that deformation is mainly accommodated by basal slip and extension twinning. Moreover, 

a minor texture component is observed at the centre of the pole figure which corresponds to 

grains having their c-axes aligned along the transverse direction (TD). The development of 

the TD component is attributed to the non-uniform deformation along the ND and TD, i.e. the 

rectangular shape of the profile; this generates a different texture to that of the round bar in 

which the deformation is similar to uni-axial tension. This texture component has also been 

observed, significantly stronger, in an extruded profile of the AZ31 alloy by Chino et al. 

[145]. 

 

The same texture characteristic is observed in the as-extruded microstructure of ZN11 (Fig. 

4.10 (b)); however, the texture is considerably weaker than in the directly extruded AZ31. 

Although some deformed grains from the feedstock material (elongated grains) are pertained 

in the microstructure of ZN11-DE, there are not as many as AZ31-DE. Moreover the alloys 

containing Nd can rely on several recrystallisation mechanisms to weaken the texture [13], 

[60], [63], [138], [146]. In fact, this alloy has a more recrystallised and homogeneous grain 

distribution than the alloy AZ31-DE (see Fig. 4.8 (a) and (b)).  

 

It should be noted that the development of the texture is also influenced by the extrusion ratio 

[128], [130]. In the direct extrusion experiments, a low ratio was applied (R=10), which 

implies a lower degree of plastic deformation and consequently less dynamic recrystallisation. 

The low extrusion ratio could be the reason that some unrecrystallised grains remained after 

direct extrusion of the ZN11 alloy with its high recrystallisation potential. 

 

5.2.3 Texture after heat treatment 

 

The inverse pole figure of AZ31-HT reveals a strong <10.0> fibre texture in the extrusion 

direction (see Fig. 4.13 (a)). The texture after heat treatment is very similar to that in the as-

extruded profiles, except for a slight weakening in the texture intensity. The same trend is 

followed by ZN11-HT (see Fig. 4.13 (b)). The RE texture component remained after heat 

treatment, although the intensity of this texture component decreased slightly. 
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Yi et al. [141] reported rapid grain growth of equiaxed grains during annealing, whereas large 

stretched grains maintained their shapes and sizes. In the present study, this effect is 

confirmed by the micrographs of AZ31-HT (see Fig. 4.11 (a)). Since the elongated grains 

have <10.0> orientations parallel to the extrusion direction without exception, i.e. a basal-type 

texture, the fact that they experience only slight variation during heat treatment supports the 

similarity of textures before and after heat treatment. A further important characteristic is the 

slight weakening in textures exhibited by AZ31-HT and ZN11-HT. This feature is mainly 

attributed to the effect of grain growth, which has its driving force provided by the large 

misorientations in the as-extruded condition and the small grain sizes [141]. 

 

5.3 Mechanical properties of as-extruded and heat treated alloys  

5.3.1 Indirectly extruded alloys 

 

The main feature of the quasi-static loading of the AZ31 alloy is the yield asymmetry, i.e. the 

difference in the tensile and compressive yield strengths. The tensile yield strength (TYS) is 

significantly higher than the compressive yield strength (CYS). This behaviour has been 

reported by several authors [13], [23], [147], [148]. Moreover, differences in work hardening 

under tensile and under compression loading are also remarkable, as can be seen in Fig. 4.14 

(a). 

 

As reported extensively in the literature [128], [140], [145], [149], [150], the crystallographic 

texture developed during extrusion has a strong influence on the mechanical properties. Under 

tensile loading, the strong basal-type texture does not favour the operation of tensile twinning 

or basal slip [151] for geometrical reasons, i.e. Schmid factors, thus giving rise to a high 

tensile yield stress and low work hardening rate.  

 

In contrast, compressive loading along the extrusion direction causes extensive {10-12} 

twinning [152]. Further deformation is hindered when a high density of tensile twins is 

present in the microstructure, since twin boundaries can act as obstacles to dislocation glide 

[23], [149] and results in strong work hardening. Furthermore, larger and unrecrystallised 

grains tend to show high densities of tensile twins, which corresponds well to earlier findings 

on the influence of grain size on the activation of twinning [153]. 

 

Alloys containing rare earth elements (here represented by ZN11, ZN00 and ZNK111) show a 

weak RE texture and do not show the mechanical yield asymmetry. Other important 
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characteristics are the high ductility and the decrease in the yield strength. These features can 

be explained by the crystallographic texture and microstructure. Since these alloys have a 

very weak texture with the basal planes tilted with respect to the extrusion direction, plastic 

deformation by <a> dislocation slip is easier than in the AZ31 alloy and {10-12} twinning 

becomes less attractive. Therefore, different {10-12} twinning activities in compression and 

tension are not expected and consequently the yield asymmetry is not observed. In addition, 

these alloys exhibit fully recrystallised and relatively fine grain structures, which also reduce 

the propensity for twinning activity. The reduction in the yield strength as well as the high 

ductility are explained by the fact that due to the RE texture the majority of the grains are 

favourably aligned for basal slip under loading in the extrusion direction. Note that in the 

alloys showing the RE texture (ZN11, ZN00 and ZNK111), the c-axes are tilted about 60 ° 

from the extrusion direction. Moreover, RE elements in solid solution can promote the 

activation of <c+a> slip and compression twinning. This leads to more homogeneous 

deformation and, furthermore, hinders premature failure. In short, the more randomised grain 

orientation and the RE elements in solid solution are advantageous for both <a> slip and non-

basal slip activities, respectively, such that a low yield strength and high ductility are achieved 

in the RE containing alloys [63]. 

 

Regarding the ZN00 and ZNK111 alloys, which show comparable textures, the influence of 

grain size on the mechanical response should be considered. The ZN00 alloy has the lowest 

yield strength among the alloys exhibiting the RE texture component, due to the coarser grain 

size (see Fig. 4.5 (c)). The alloy ZNK111 shows the highest yield strength mainly due to the 

very fine microstructure. However it should be noted that the high strength of the ZNK111 

alloy may also be influenced by the presence of precipitates, Fig. 4.6 (d), [131], [137]. 

 

5.3.2 Directly extruded alloys 

 

The influence of crystallographic texture on the mechanical properties can be more clearly 

illustrated by the samples machined from different sample axes with respect to the extrusion 

direction (0 °, 45 °, 90 °) of the directly extruded profiles. Since the origin of the samples is 

the same extruded profile, any differences in the quasi-static response may be attributed to the 

only variable present: the crystallographic texture.  

 

It is important to note that in all directions a significant mechanical yield asymmetry, i.e. 

difference between tensile and compressive yield strength, was observed for AZ31. As the 
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{10-12} twins in Mg alloys accommodate only extension along the crystal c-axis, not a 

compressive strain along the c-axis, their activation is strongly influenced by the texture. As 

the c-axes are oriented mostly in the normal direction, compressive loading in all sample 

directions of the present study leads to easy activation of {10-12} twinning so that the plastic 

strain begins at low stresses (see Fig. 4.15 (b)). 

 

The sample machined in the extrusion direction (AZ31-0 °) show the highest yield strength 

under tensile loading. This can be explained by the orientation of the basal planes in the 

extruded profile, i.e. the c-axes are mainly oriented perpendicular to the extrusion direction. 

During tension, as mentioned previously, {10-12} twinning is suppressed for geometrical 

reasons and basal slip needs high stresses because of the low Schmid factor, such that a high 

yield strength results [150], [153]. On the other hand, the sample extracted from the 

transversal direction (AZ31-90 °) exhibits lower tensile yield strength. It should be pointed 

out that the minor texture component of the basal poles aligned in the TD is favourable for 

{10-12} twinning under tensile loading, as can be seen in Fig. 4.10 (a). For this reason, the 

tensile yield strength is found to be low in the 90 ° sample. The low yield strength in the 45 ° 

sample, which is similar to the 90 ° sample, can be understood to be the result of a relatively 

high Schmid factor for basal slip in the grains corresponding to the minor component. In the 

sample cut 45 ° from the extrusion direction, the basal poles of the grains corresponding to the 

minor texture component are also oriented at about 45 ° tilted from the loading direction.  

 

Another important feature is the low elongation found in the 90 ° sample, which is not 

observed in the other samples (see Table 4.7). This low elongation is attributed to the effect of 

precipitates. It is worth pointing out that the precipitate stringers, although few in number, are 

mainly oriented parallel to the extrusion direction. In the 90 ° sample, the precipitate stringers 

are oriented transverse to the loading direction and could act as “crack openers” leading to the 

premature rupture of the sample. 

 

In contrast to AZ31, the directly extruded ZN11 alloy does not show a minor texture 

component at 90 ° (TD) (see Fig. 4.10 (b)). As the texture at 90 ° (TD) shows differences in 

the relative orientations of the crystallites, the best quasi-static behaviour is expected in the 

ZN11-90 ° samples. In fact, the tensile yield strength of ZN11-90° (TD) is superior to the 

samples ZN11-0°(ED) and ZN11-45 °, which show very similar results (see Fig. 4.16 (a)). 

This is explained by the slightly tilted basal pole from the ND to the TD. That is, under 

loading of the 90 ° sample, these slightly tilted basal poles make basal slip easier, which is not 
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the case during loading in the extrusion direction (0 ° sample). A further important 

characteristic of ZN11-90 ° is the extremely low elongation (see Table 4.8), which is 

attributed to the presence of particle stringers in the microstructure. Particle stringers in the 

transverse direction could act as “crack openers” thus having a deleterious effect on the 

elongation. 

 

In all testing directions a significant mechanical yield asymmetry was observed, similar to the 

indirectly extruded AZ31 samples. Moreover, the behaviour under compressive loading is 

very similar in all test directions (see Fig. 4.16 (b)). This behaviour, as in the case of 

indirectly extruded AZ31, is attributed to the easy activation of {10-12} twinning, leading to 

plastic strain at low stresses. With regard to the fracture strain, it is important to recall that the 

particle stringers can act as “crack openers” only under tensile loading. Under compression 

loading, no deleterious effects in the fracture strain are expected. In fact, the 90 ° samples 

have a relatively high fracture strain in compression.  

5.3.3 Heat treated alloys 

 

The quasi-static behaviour of the AZ31 alloy after the ageing treatment does not show 

improvement in comparison to the as-extruded profile. In fact, the values found in the quasi-

static response of AZ31-HT are slightly lower than the values for the as-extruded alloy. 

According to Al-Mg-Zn phase diagram, during ageing treatment precipitation of γ-Mg17Al12 

is expected [28], [154]. The γ-Mg17Al12 is present both inside of the grains and along grain 

boundaries. Even though the precipitation of γ-Mg17Al12 during the ageing treatment should 

act as a strengthening mechanism, the grain growth which occurs during annealing seems to 

compensate any particle strengthening effect. It is worth pointing out that the average grain 

size of the AZ31-HT after heat treatment was enhanced (see Fig. 4.11 (a)). This result 

suggests that the effect of the grain growth overlaps the effect of precipitation hardening. 

Moreover, the amount of precipitates formed is limited, since the alloy AZ31 does not show 

high ability to form precipitates. A further reason for the behaviour of AZ31-HT in the quasi-

static tests can be attributed to the stored energy in the as-extruded profile [155], which is 

released during the heat treatment. This stored energy can act as a driving force for grain 

growth.  

 

According to Mg-Nd-Zn ternary phase diagram [34], Mg41Nd5+(Mg)+Mg3Nd is expected to 

precipitate during ageing. In fact, after ageing, high amount of precipitates at the grain 

boundary was observed. Due to massive precipitation along grain boundary, strengthening 
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mechanism was expected to occur. However, in this alloy the quasi-static response remained 

the same as in the as-extruded condition. Note that in this case, the data for the ZN11-HT 

samples show large standard deviations (see Table 4.9). This result indicates that some 

samples had a response superior to that in the as-extruded condition; this suggests that 

precipitation during ageing was not homogeneous. Moreover, no significant grain growth took 

place during the annealing and ageing treatment. This behaviour has also been observed by 

other authors in previous work related to magnesium alloys containing rare earth elements 

[129]. 

 

5.4  Fatigue properties and crack initiation mechanisms  

 

In this section, crack initiation mechanisms and the influence of microstructural features on 

crack initiation and fatigue life will be discussed in four sections; firstly, the influence of two 

distinct fatigue crack mechanisms on the fatigue life will be treated. Secondly, the influence 

of crystallographic texture on the fatigue properties and consequently the crack initiation 

mechanisms will be discussed. Thirdly, the influence of the shape and distribution of 

precipitates will be discussed. Finally, the role of grain size on the fatigue life and fatigue 

damage mechanisms will be considered. 

5.4.1 Influence of deformation mechanisms on crack initiation and high cycle fatigue 

properties 

 

In order to establish the influence of the crack initiation mechanisms on the fatigue life, two 

as-extruded profiles with different structures will be employed. The first one is the alloy 

AZ31, which is characterized by a strong fibre texture and a partially recrystallised and 

inhomogeneous microstructure. In contrast, the alloy ZN11 shows a weak and unusual 

texture, is fully recrystallised and has a homogeneous microstructure. These two alloys show 

distinct mechanical responses under monotonic loading (see Fig. 4.14 a, b).  

 

The fatigue behaviour of the alloys is also very dissimilar. In Table 5.6, the results of the 

rotating bending tests together with the results of the quasi-static tests are summarized. 
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Table 5.6   Results of rotating bending and quasi-static tests 

 

 

The fatigue behaviour of both alloys is influenced by two factors. Firstly, the main plastic 

deformation mechanisms at room temperature have a strong influence on the fatigue 

behaviour and consequently crack initiation mechanism of both AZ31 and ZN11, i.e. basal 

slip and twinning [12] [39], [63], [75], [142], [156]. Secondly, the strong mechanical yield 

asymmetry (e.g. AZ31) or absence of mechanical yield asymmetry (e.g. ZN11) play a key 

role in the high cycle fatigue behaviour and in the development of fatigue damage [108], 

[111]. 

 

In order to identify the crack initiation mechanisms it is necessary to get a better 

understanding of the microstructural changes taking place during the fatigue tests. For this 

purpose, we will consider the microstructural development during cyclic loading under a 

given stress amplitude, 120 MPa, for both AZ31 and ZN11. Note that the rotating bending 

tests were carried out using R = -1, which means that a half cycle under tension is followed by 

a half cycle under compression. 

 

During the half cycle under tensile loading at 120 MPa, which is significantly lower than the 

TYS of AZ31, plastic deformation does not occur since the stress amplitude is not high 

enough to activate deformation (see Table 5.6). In contrast, the stress amplitude of 120 MPa 

in the half cycle under compressive loading is far higher than the CYS. Therefore, plastic 

deformation via the {10-12} twinning mode is initiated at the sample surface, at least, where 

the highest bending moment occurs. As fatigue loading reverses again to tensile stress, some 

twinned areas might disappear due to the occurrence of untwinning (or detwinning). 

However, the twinning-untwinning mechanism is not completely reversible; consequently 

some twinned areas will remain in the microstructure [157]. In fact, the presence of twins can 

be appreciated at the fracture surface of AZ31 (Fig. 4.22 (a)). The presence of 

extrusion/intrusion bands near to microcracks seen in Fig. 4.23 (a) suggests the activity of 

cyclic slip bands. Although cyclic slip is not the dominant deformation mechanism in the 

alloy AZ31, the presence of these bands suggests that they may also influence crack initiation.   

TYS 

AZ31 

ZN11 

198 

108 

(MPa) (MPa) (MPa) (MPa) 

UTS CYS UCS Fatigue Strength (σ-1)  

(MPa) 

269 

211 

109 

100 

352 

323 

90 

70 

Fatigue Ratio 

(σ-1/TUS) 

0.33 

0.33 
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In the EBSD orientation map measured at the surface of a fractured AZ31 specimen (Fig. 

4.24), several {10-12} twins are observed near to the microcrack. The microcrack is mainly 

transgranular and the deformation twinning is more intense in the larger and unrecrystallised 

grains as reported by [149]. The image quality map shows the deformation twins (depicted in 

red) and the grain showing extrusion bands (marked with a blue circle). It is clear that the 

number of grains exhibiting deformation twins is far higher than the number of grains 

containing extrusion/intrusion bands. A similar trend is also observed in the run out sample, 

Fig 4.25. The presence of {10-12} twins is a strong indication that the fraction of residual 

twins (twins which remain after untwinning) tends to increase with number of fatigue cycles. 

Moreover, the twin bands after detwinning are relatively narrow, such that the degree of stress 

concentration at the twin boundaries could be higher than in the case of wider bands. It can 

therefore be assumed that {10-12} twins are much more active in the crack initiation process 

in AZ31 than the cyclic slip or persistent slip band activity. The results of the current study 

are thus in agreement with other published studies [7], [108], [111], [158]–[160]. 

A number of attempts to explain the deleterious effect of deformation twins, especially, on the 

fatigue crack initiation mechanism have been made in the literature. The first attempt 

considers the interaction between dislocations and twin boundaries [161]. Twin boundaries 

could hinder dislocation glide thus causing pile-ups and local stress concentrations, and 

consequently, act as suitable sites for crack nucleation [162]. Moreover in materials with a 

low stacking fault energy, such as magnesium, the plastic deformation accommodated by 

twinning is relatively small. However, within the twinned areas dislocation slip can be 

activated such that further strain can be accommodated, which leads to stress concentration 

and crack nucleation at the twin boundary [163]. 

Another attempt considers the twinning and untwinning mechanism [157]. This could work in 

the same way as cyclic slip, which means partial reversibility of local deformation until a 

degree of irreversibility is reached. The latter will lead to local stress concentrations and 

finally to crack initiation. Furthermore, the twin bands after untwinning are relatively narrow, 

such that the degree of stress concentration at the twin boundaries could be higher than in the 

case of wider bands. This factor could also contribute to the crack initiation process. 

In the case of ZN11, microstructural development during the rotating bending test is different. 

As shown in the previous sections, the weakening of the texture and the presence of the rare 

earth elements tend to suppress twinning and enhance slip activity. A stress amplitude of 120 

MPa is sufficient to induce plastic deformation in both the tensile and compressive half cycles 

because of the lower TYS and CYS in this alloy (Table 5.6). In the half cycle that the sample 
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undergoes tensile loading during the rotating bending tests basal slip is easily activated and 

accommodates plastic deformation. In the half cycle that the specimen undergoes compressive 

loading, not only basal slip but some {10-12} twins are favoured, consequently it is plausible 

to consider that additional plastic deformation will occur. 

 

The fracture surface of the ZN11 sample, Fig. 4.22 (b), shows some lamellae of semi-

cleavage in the assumed crack initiation region. Some authors have also observed the 

occurrence of such structures in magnesium alloys containing rare earth elements [164]. In 

addition, a large number of precipitates of some intermetallic phases including Mg-Zn-Nd are 

observed, and several grains close to the microcrack in ZN11 exhibit slip markings, Fig. 4.23 

(b). Moreover, the microcrack is essentially transgranular and seems to propagate along the 

slip bands. The presence of the precipitates near the crack initiation area is an indication that 

they may play an important role in the crack initiation mechanism. The EBSD maps, Fig. 

4.26, measured close to the microcracks show no deformation twins. On the other hand, 

several slip bands can be seen, which were analysed by their slip traces and were proven to be 

basal slip. In the image quality map of a ZN11 run out sample, Fig. 4.27, extrusion/intrusion 

bands (black spots in the orientation and image quality maps) are found in addition to the 

large amount of slip markings. Slip trace analysis indicates that most of the observed slip 

bands originate from basal slip. These results strongly suggest that the fundamental crack 

initiation mechanism in the ZN11 alloy is related to cyclic slip. In a recently published study 

[111], cyclic slip was also pointed out as a crack initiator in Mg alloys containing rare earth 

elements. 

 

In fact, cyclic deformation is the basic fatigue damage mechanism and has been extensively 

cited in the literature [16], [79], [108], [91], [111], [112], [165]–[167]. According to this 

mechanism, irreversible dislocation glide under cyclic loading leads to the development of 

persistent slip bands, intrusion/extrusion bands in the surface grains that are favourably 

oriented for dislocation slip [86], [87], [168]. More specifically, at mid-to-low strain 

amplitudes persistent slip bands are formed in large grains with high Schmid factors [89], 

[169]–[175]. 

Subsequently, dislocation motion is hindered by high angle boundaries (e.g. grain boundaries) 

resulting in pile-ups and local stress concentrations. Stresses are then temporarily relieved by 

the formation of extrusion/intrusion bands at the grain boundary. With increasing number of 

cycles, the stress concentrations and extrusion heights increase and, finally, cracks are 

nucleated at the intersection of persistent slip bands and grain boundaries [170], [176]. 
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It is important to point out that the alloys AZ31 and ZN11 have the same fatigue ratio of 0.33. 

However, the AZ31 alloy shows higher fatigue strength than the RE containing alloy ZN11. 

This result can be explained by the effectiveness of the crack initiation mechanisms in each 

alloy. Although several authors [91], [169], [170], [176] affirm that cyclic deformation is 

frequently decisive to crack initiation, the current work suggests that in AZ31 the twin 

boundaries are more detrimental than the cyclic deformation. During fatigue testing of AZ31, 

it is clear that the critical point is the half cycle under compression. This is explained by the 

extensive deformation twinning, which is the main deformation mechanism in this case. Note 

that as the load reverses the deformation twins will disappear, although not completely, by 

untwinning. However, during the fatigue experiments on ZN11, whether under half cycle 

tension or half cycle compression, basal slip is favoured leading to plastic deformation. In 

other words, the alloy ZN11 has more chances to reach the deformation irreversibly that will 

cause local stress concentration and subsequently the crack than the alloy AZ31. As a result 

the alloy ZN11 has a lower fatigue strength (70 MPa) than the alloy AZ31 (90 MPa). Another 

indication is that the crack initiation region of ZN11 was highly deformed in contrast to the 

crack initiation region in AZ31. Moreover, the lower fatigue strength of the ZN11 alloy is also 

related to its lower yield strength. As the texture is weak and the main texture component 

corresponds to grain orientations more favourable for basal slip, the occurrence of dislocation 

slip is easier, so that the crack initiation caused by the cyclic slip also occurs at the low stress 

level. 

 

After investigation of the crack initiation mechanisms, some open questions remained. One of 

these questions concerns the role of chemical composition and crystallographic texture. It was 

not clear if the proposed crack initiation mechanisms were mainly influenced by the chemical 

composition or the crystallographic texture. This issue is treated in the next subsection, which 

attempts to clarify the role of the crystallographic texture in the crack initiation mechanisms. 

 

5.4.2 Influence of texture on the crack initiation mechanisms  

 

It is worth recalling that for this investigation the only variable was the sample axis in relation 

to the extrusion direction, which allows the investigation of the effect of crystallographic 

texture.  
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Table 5.7 Mechanical data of directly extruded AZ31 under dynamic and monotonic loading 

 

 

The fatigue results as well as the results obtained from monotonic tests on AZ31 are 

summarized in Table 5.7. The results of the rotating bending tests on directly extruded AZ31 

corroborate the findings of the previous section, which indicate that the boundaries of 

deformation twins act as the main crack initiators. In AZ31-0 ° (ED), AZ31-45 ° and AZ31-

90 ° (see Figs. 4.32, 4.33, 4.34) microcracks, large amounts of twins and also some 

extrusion/intrusion bands can be seen. Furthermore, in the EBSD analysis a large number of 

deformation twins were observed. However, the numbers of {10-12} twins observed change 

depending on the sample orientation axis, as will be discussed later. The microcracks in all 

samples show a similar and interesting trend, which corresponds to the simultaneous activity 

of slip bands and deformation twins in the same grain. Actually, in this situation the slip 

bands seem to be deflected by the formation of twins. Moreover, many microstructural short 

cracks are observed at the twin boundaries (see Figs. 4.32, 4.33, 4.34). In fact, a similar 

feature was observed by Yu et al [177] and was explained by means of stress relief. 

 

Based on the findings of Yu, the current work suggests a mechanism to explain twin 

formation inside a grain slightly deformed by slip bands. In this case, grains with a higher 

degree of cyclic slip can be defined as “soft oriented” whereas grains having a lower degree 

of slip correspond to “hard oriented” grains. If a soft oriented grain is the neighbour of a hard 

oriented grain, a local stress concentration will be created at the grain boundary due to a 

mismatch in the loading bearing capability of the two grains. One way to relieve this local 

stress in the hard oriented grain is the nucleation of deformation twins in the soft oriented 

grain. In addition, the local stress will be instantaneously relieved in the soft oriented grain 

[178]. However, the local stress in the soft oriented grain will subsequently increase due to the 

fact that the slip bands cannot easily pass through the twin boundaries. As a result, a crack 

will be formed at the twin boundary, as can be seen in Fig. 4.32. This mechanism is 

schematically illustrated in Fig. 5.2.  

TYS 

AZ31 - 0° 

AZ31- 45° 

167 

154 

(MPa) (MPa) (MPa) (MPa) 

UTS CYS UCS Fatigue Strength (σ-1)  

(MPa) 

253 

246 

98 

91 

360 

363 

100 

80 

Fatigue Ratio 

(σ-1/UTS) 

0.39 

0.36 

AZ31- 90° 155 236 94 369 70 0.35 
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a)                                                      b)                                                  c) 

 

 

 

                                                 d) 

 

 

Fig. 5.2. Schematic representation of the crack initiation mode involving twin boundaries. a) 

slight deformation by slip, b) twins are formed in the grains with favourable orientation in 

order to relieve the high local stress, c) further slip causing a large amount of slip bands 

[177], d) AZ31-0 ° sample after fatigue testing, the crack is then formed at the twin 

boundary. 

 

It is important to point out that twin boundaries correspond to high angle boundaries. 

Moreover, in order to nucleate a twin inside the soft grain, the local stress concentration must 

exceed the twinning stress in the favourably oriented grain.  

 

Although the mechanism illustrated in Fig. 5.2 is observed in all three sample orientations, the 

sample AZ31-90 ° (transverse direction) show the largest amount of microstructural, short 

cracks at the deformation twin boundaries. Moreover, in this sample several microstructural 

cracks caused by decohesion of extrusion/intrusion bands were also observed (see Fig. 4.34). 

 

In the EBSD maps, the largest number of deformation twins (depicted in red) is observed in 

the AZ31-90 ° sample, whereas the samples AZ31-0 ° and AZ31-45 ° seem to exhibit similar 

amounts of {10-12} twins. This observation is in accordance with the crystallographic texture 

developed during direct extrusion. As explained previously, the majority of basal planes are 

oriented in the normal direction. However, the pole figure (Fig 4.10 (a)) indicates a minor 

texture component, which indicates that some basal planes are oriented parallel to the 

transverse direction, which will favour extensive {10-12} twinning under tensile loading of 

the 90 ° sample. As a result, several deformation twins can be seen close to the microcrack in 

the AZ31-90 ° sample after the fatigue test. Note that the AZ31-90 ° sample has the lowest 

T
 T

 T
 T

 T
 T

  T
 T

 T
 T

 

T
 T

 T
 T

 T
 T

 T
T

T
 T

 T
 T

 T
 T

 T
 T

T
 T

 T
 

T
  T

 

T
 T

 T
 T

 T
 T

  T
 T

 T
 T

 

T
 T

 T
 T

 T
 T

 T
T

T
 T

 T
 T

 T
 T

 T
 T

T
 T

 T
 

T
  T

 

Crack  



5. Discussion 

107 

fatigue strength which suggests a direct relation between the amount of deformation twinning 

and the fatigue strength. Specifically, an inverse proportional relation between the amount of 

deformation twinning and the fatigue resistance can be established. 

 

Based on the experimental results, it may be concluded that twin boundaries are the main 

stress concentrators in AZ31. In fact, as observed in the microcrack studies and in the EBSD 

maps, several microstructural short cracks are located at twin boundaries. In a given moment, 

which depends on many other aspects, two or more microstructural short cracks originating at 

the twin boundary can start to coalesce to form a microcrack [177]. As the microcrack grows, 

it develops its own plastic zone size and the resistance to growth offered by the successive 

microstructural barriers decreases. In other words, the crack passes from stage I (crack 

initiation) to stage II (crack propagation), which will then cause sample failure. Therefore, a 

larger amount of deformation twins will increase the probability of microstructural short crack 

coalescence and subsequent propagation. The latter will lead to low fatigue resistance, as can 

be seen in the case of the AZ31-90 ° sample. 

 

Another important characteristic found close to the microcracks was the presence of some 

grains deformed by non-basal slip (see Fig. 4.36). It is well known that the non-basal slip has 

a high critical resolved shear stress, which would hinder its activity at room temperature 

[179]. Consequently, basal slip and deformation twinning are the main deformation modes at 

room temperature [11]. However, in recent years a large number of published papers have 

reported the activity of non-basal slip systems at room temperature [181]–[183]. Moreover, 

local stress concentrations at grain boundaries may be high enough to activate additional 

deformation modes, such as non-basal slip systems [177].  

 

In Table 5.8 the mechanical data for directly extruded ZN11 samples with different 

orientations under monotonic and dynamic loading are summarized. In the case of ZN11, it is 

worth recalling that the crystallographic texture after direct extrusion is not as weak as in the 

case of the texture obtained after indirect extrusion 
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Table 5.8 Mechanical data of directly extruded ZN11 under monotonic and dynamic loading. 

 

 

High twinning activity leads to formation of microcracks in the ZN11-0 °(ED) sample, Fig. 

4.37. Moreover, microstructural cracks can also be seen at twin boundaries, which can be 

observed in the whole path of the microcrack. In contrast, the ZN11-45 ° sample has many 

grains exhibiting slip markings and the microcrack propagates through the slip bands (see Fig. 

4.38). Interestingly, the ZN11-90 ° sample shows both features: slip bands and twins (see Fig. 

4.39). Although some microstructural short cracks can be seen at the twin boundaries, the 

microcrack appears to propagate through the slip bands. However it can be clearly seen that 

the twins change the orientation of the slip bands. This feature has also been observed by 

other authors [184]. 

 

a) 

 

 

b) 

 

 

 

 

 

 

 

Fig. 5.3 a) Ledges/steps at a twin boundary as sources for dislocation nucleation [91], and b) 

micrograph of ZN11 in the transverse direction showing ledges/steps at a twin boundary. This 

feature is related to a theory which describes crack initiation at twin boundaries.  

 

According to these authors, this structure originates from the interaction between persistent 

slip bands and twin boundaries, which create non-coherent ledges or steps on the twin 

boundary. Moreover, the resulting non-coherent steps favour secondary slip and stress 

concentrators being preferred as crack initiation sites. Fig. 5.3 shows (a) a schematic 

description of such a ledge/step and (b) a micrograph of a ZN11-90 ° sample after fatigue 

testing. 

Dislocation source 

from a twin boundary 

TYS 

ZN11 - 0° 

ZN11- 45° 

120 

120 

(MPa) (MPa) (MPa) (MPa) 

UTS CYS UCS Fatigue Strength (σ-1)  

(MPa) 

212 

214 

95 

95 

335 

336 

90 

80 

Fatigue Ratio 

(σ-1/TUS) 

0.42 

0.37 

ZN11- 90° 133 210 98 338 60 0.28 
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The EBSD maps also corroborate the results of the microcrack analysis. The EBSD maps of 

the ZN11-0 ° sample showed high activity of deformation twinning close to the microcrack 

(see Fig. 4.40). However, some grains deformed by basal slip were also found (Fig. 4.41 (a)). 

The EBSD maps of the ZN11-45 ° and ZN11-90 ° samples were very similar; both showed 

the absence of deformation twinning. Furthermore, evidence of non-basal slip activity was 

found near to the microcrack. This is explained by the high stress level close to the 

microcrack, which can be high enough to activate non-basal slip systems [177]. 

 

Based on the results of the microcrack analysis and the EBSD measurements, the trends seen 

under monotonic loading, i.e. the best mechanical properties for ZN11-90 ° and the worst for 

ZN11-0 ° (Table 5.8), were also expected under dynamic loading, i.e. However, the results of 

the rotating bending tests reveal the opposite trend: the best fatigue properties are found for 

ZN11-0 ° (ED) and the worst for ZN11-90 ° (TD) (see Fig. 4.20). Clearly, the texture is not 

the only microstructural parameter influencing the fatigue properties.  

 

In this context, another important feature influencing crack initiation is the presence of 

precipitate stringers. The influence of the precipitate stringers on crack initiation is in 

accordance with the basic concept that fatigue damage always tends to initiate from 

microstructural inhomogeneities [185]. Note that in directly extruded ZN11, the precipitate 

stringers are strongly aligned in the extrusion direction. Precipitates can also be found at the 

grain boundaries (see Fig. 4.9 (b) and Fig. 4.37), however these precipitates are far smaller 

than the ones forming the stringers. Miller [79] reported that inclusions or precipitates can be 

very detrimental depending on their orientation. The current work suggests that precipitate 

stringers could reinforce the microstructure when oriented in the loading direction and 

weaken the microstructure when oriented in the transverse direction with respect to the 

applied load. Moreover, it is well established that the mechanical response under cyclic 

loading is much more sensitive to such defects than under monotonic loading [111]. This 

could justify why the presence of precipitate stringers does not have a strong influence on the 

mechanical response under monotonic loading but has a critical effect on the response under 

cyclic loading. 

 

It is suggested that precipitates could also play an essential role in the fatigue properties of the 

alloys. However, the exact influence of the size, location and amount of precipitates on the 

fatigue properties remains unknown. The necessity for deeper investigation of the effect of 

precipitates on the fatigue damage mechanism is discussed in the next section.  
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5.4.3 Influence of precipitates on fatigue damage mechanisms  

 

In order to evaluate the effect of precipitates, e.g. their size, morphology and distribution, the 

fatigue behaviour and crack initiation mechanisms in as-extruded AZ31 and ZN11 samples 

will be compared with those of the corresponding heat treated samples AZ31-HT and ZN11-

HT. It is worth recalling that the heat treatment carried out on AZ31 involved annealing at 

350 °C for 3h, water quenching and finally aging at 150 °C for 16h. ZN11 was annealed at 

350 °C for 3h and subsequently aged at 100 °C for 12h. As the alloy ZN00 belongs to the Mg-

Zn-Nd system and exhibits few precipitates, this alloy will be annexed to the ZN11 and 

ZN11-HT group. This will allow a direct comparison of the effect of the amount of 

precipitates to be made.  

 

In Table 5.9, the mechanical data of AZ31 and AZ31-HT under monotonic and dynamic 

loading are summarized. The fatigue results show the same trend as observed in the quasi-

static tests, which means no drastic differences between the behaviour of as-extruded AZ31 

and AZ31 after heat treatment. However, it must be noted that the yield strength of AZ31-HT 

was slightly lower than that of as-extruded AZ31. 

 

Table 5.9 Results of as- extruded AZ31 and AZ31-HT under monotonic and dynamic loading. 

 

 

On the other hand, many differences can be observed in the direct comparison between the 

microcracks developed in as-extruded AZ31 and AZ31-HT (see Fig. 4.23 (a) and Fig. 4.42). 

Note that the microcrack in AZ31 is characterised by strong deflection, the almost complete 

absence of slip markings and the presence of twins; in addition, the microcrack propagates 

mainly through twin bands. In contrast, the microcrack in AZ31-HT shows almost no 

deflection and several grains containing slip bands can be observed. Furthermore, the 

microcracks and the microstructural short cracks seem to propagate through the slip bands. 

Interestingly, the AZ31-HT microcrack does not show evidence of twinning. This feature of 

AZ31-HT suggests that after heat treatment twinning was suppressed. 

 

TYS 

AZ31 

AZ31-HT 
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(MPa) (MPa) (MPa) (MPa) 

UTS CYS UCS Fatigue Strength (σ-1)  

(MPa) 
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109 
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90 

90 

Fatigue Ratio 
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0.34 



5. Discussion 

111 

The EBSD results confirm the suppression of twinning, Fig.4.43. In contrast to the as-

extruded AZ31 (Fig. 4.24 and 4.25), a significant reduction in twinning activity is observed in 

AZ31-HT. In addition, as noted previously in the microcrack images, many grains containing 

slip markings can be seen in the image quality map. This trend is more evident in the grains 

connected to the microcrack (see Fig. 4.43). In the above mentioned grains, slip trace analysis 

showed strong evidence of basal slip. However, in some grains the activity of non-basal slip 

(marked with a blue circle) was also observed. Moreover, the same tendency is observed in 

the runout sample, i.e. the absence of deformation twins and grains containing slip markings 

(see Fig. 4.44). It is important to note that in the as-extruded AZ31 the main feature observed 

in the microstructure near to the microcrack as well as in the runout condition was the high 

density of {10-12} twins. Therefore, it is reasonable to consider that heat treatment leads to 

the suppression of twinning but does not hinder the operation of basal slip. 

 

In recent years, several articles have been published on the effect of precipitates on the 

mechanical behaviour of wrought magnesium alloys [186]–[188]. Stanford and Barnett also 

observed suppression of twinning in an alloy having a fibre-type texture [189]. Even though 

the reason for twinning suppression could not be accurately determined, they attributed the 

twinning suppression to particle/twin interactions. In other work [188], Stanford described the 

two main morphologies of precipitates in magnesium alloys: basal plates and c-axis rods. The 

basal plates are mainly formed in AZ-series alloys, while the c-axis rods are formed in alloys 

containing Zn, Zr or both.  

 

There are two main explanations for twinning suppression due to interaction between particles 

and twins, especially the basal plates. The first one concerns the back-stress produced by the 

twin/particle interaction. It considers that particles can become fully surrounded by a twin, 

being rotated but not sheared [188], [190], [191] whereas the matrix is. Then, a back stress is 

generated as a result of the need to reduce the strain discontinuity at the particle/matrix 

interface. Robson et al. [187] reported that the back-stress is expected to achieve impractical 

values in the twin without plastic accommodation. Furthermore, it must be considered that the 

particles also hinder the accommodation of plastic strain, because they act as barriers to slip in 

the twin. The particles cannot follow the complete rotation of the crystal by twinning, i.e. the 

plates in the twinned volume align perpendicular to the basal plane, resulting in a very 

effective barrier preventing basal slip inside the twinned grain. This hindrance to basal slip 

inside the twin will increase the stress necessary for twin growth by allowing a higher back-

stress to be sustained by the twin. 
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The second explanation considers the Orowan stress. Since the precipitates investigated in this 

study are just slightly coherent and too large and to be cut by dislocations, the influence of 

precipitate shape on strength is therefore assumed to depend on the Orowan stress required to 

bow dislocations around the particles [186], [187]. Apart from the stress resulting from the 

matrix and unsheared precipitates, twin growth can also be hindered due to the Orowan stress 

necessary to bow the twinning dislocation around the precipitates. In short, as the passage of 

the twinning does not shear the precipitate it is necessary for the twinning dislocation to bow 

around the particle. However, it has been reported that the maximum Orowan stress for the 

twinning dislocation is far below that of the back-stress [187]. Therefore, it is suggested that 

the back-stress is more significant in determining the increase in stress required to grow the 

twin when precipitates are present than the Orowan stress of the twinning dislocation. 

 

According to the literature, basal plates are mostly ineffective in hardening when basal slip is 

operating due to the small fraction of precipitates that will be cut by a given basal plane. Note 

that the basal plates are oriented parallel to the basal slip planes, as shown in Fig. 5.4. 

 

 

Fig. 5.4 Basal plate precipitate morphology and cross sections produced when these particles 

are cut by basal and prismatic slip planes [187]. 

 

In the current work, some evidence for the formation of basal plates in AZ31-HT was found. 

However, their number density is very low and this combined with their ineffectiveness at 

hindering basal slip explains why no strengthening effect was found in AZ31-HT. The 

suppression of deformation twinning in AZ31-HT is attributed however to basal plate 

formation. Due to the lattice rotation in the twin, the basal plates constitute very effective 

barriers against basal slip in twinned material. This will then increase the stress required for 

twin growth by allowing a higher back-stress to be sustained in the twin. 

 

The mechanical data for the Mg-Zn-Nd alloys obtained from quasi-static test and rotating 

bending tests are shown in Table 5.10. A clear trend can be seen in the results of ZN11 and 

ZN11-HT. Whereas no significant difference is observed in the tests under monotonic 
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loading, a notable difference can be observed under cyclic loading. The fatigue strength and 

the fatigue ratio of ZN11 are far higher than the values obtained for ZN11-HT.  

 

Table 5.10 Mechanical data under monotonic and dynamic loading for as-extruded ZN00, 

ZN11 and ZN11-HT . 

 

 

The SEM images of the microcracks in ZN11 (see Fig. 4.23 (b)) and ZN11-HT (see Fig. 4.45) 

reveal distinct microstructural features. An important characteristic in ZN11-HT is the 

development of fewer extrusion/intrusion bands, whereas the as-extruded ZN11 shows many 

extrusion/intrusion bands. The other remarkable difference between ZN11 and ZN11-HT is 

the large amount of precipitates located at the grain boundaries of ZN11-HT (see Fig. 4.45).  

 

Similar to the as extruded ZN11, slip bands can be seen near to the microcrack in ZN11-HT. 

The microcrack seems to propagate along the slip bands. However, the number of grains 

containing slip bands is far smaller than in the as-extruded ZN11 sample. Another similarity 

in the microstructures close to the microcracks in as-extruded ZN11 and ZN11-HT is the very 

low twinning activity near to microcracks. 

 

However, the EBSD orientation maps of ZN11-HT indicate some evidence for small twins, 

Fig. 4.47. The many small points (depicted in red) in the image map indicate the presence of 

{10-12} twins. This result suggests that, although not in significant amounts, twin nucleation 

occurred in ZN11-HT. Note that in as-extruded ZN11 no evidence of twinning activity was 

found (see Fig. 4.27). As was previously noted in the SEM images showing microcracks, few 

grains containing slip bands and extrusion/intrusion bands were found in comparison to as-

extruded ZN11. The same tendency is observed in the runout sample, where only a small 

amount of extrusion/intrusion bands was observed in comparison to the as-extruded ZN11. 

Slip trace analysis indentified the activity of basal slip (dashed blue circle), however some 

activity of non-basal slip near to the microcrack was also observed (dashed yellow circle). 

 

Two main characteristics are therefore essential to understanding the fatigue behaviour of 

ZN11-HT: the reduced slip activity and consequently the lack of extrusion/intrusion bands 
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together with the small amount of twinning. The reduction in slip band activity can be 

explained by the shape of the precipitates formed in ZN11-HT. As mentioned previously, two 

precipitate morphologies are mainly found in magnesium alloys: basal plates and c-axis rods. 

In alloys containing Zn or Zr, such as ZN11-HT, c-axis rods are more likely to occur [187], 

[188], [192]. The c-axis rods are more effective in hindering both basal and prismatic slip in 

comparison to basal plates as can be seen in Fig. 5.5. This explains the significant reduction in 

basal slip activity in ZN11-HT in comparison to as-extruded ZN11, in which basal slip was 

predominant. In addition, “sphere-like” precipitates can be also formed in ZN11-HT, although 

they are less effective in hindering slip activity.  

 

 

Fig. 5.5 c-axis rods: precipitate morphology and cross sections produced when these particles 

are cut by basal and prismatic slip planes [187]. 

 

Moreover, the formation of extrusion/intrusions is hindered due to the reduction in basal slip 

activity. However, in this alloy, the reduction in the formation of extrusion/intrusion bands 

seems to be attributed mainly to the formation of “sphere-like” precipitates located at the 

grain boundaries (see Fig. 4.45). As explained in previous sections, the formation of 

extrusion/intrusion bands is a mechanism that relieves the high stress concentrations caused 

by dislocation pile-ups at grain boundaries [16], [91]. The spherical precipitates constitute a 

strong barrier to extrusion/intrusion band formation. Since such bands are not formed, local 

stresses cannot be relieved and consequently cracks will be formed prematurely. As a result, 

the fatigue strength of ZN11-HT is far lower than the fatigue strength of as-extruded ZN11, in 

which extrusion/intrusion bands are formed as can be seen in the SEM images of microcracks 

and in the EBSD maps (see Fig. 4.27 and 4.23 (b)). Further support for this suggestion is 

provided by the ZN11-HT runout sample (see Fig. 4.47), which exhibits many more 

extrusion/intrusion bands than the broken sample (see Fig. 4.46). 
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Additionally, the precipitates located at grain boundaries are strictly related to the small 

amount of twin nucleation (see Figs. 4.46, 4.47). It is generally well known that grain 

boundaries are considered to be the most common sites for twin nucleation in wrought 

magnesium alloys [193]–[196]. Therefore, any factor that is able to modify the chemistry of 

these boundaries could also influence twin nucleation. Jain et al [193] report that in aged 

materials, such as ZN11-HT, discontinuous and continuous precipitates at the grain 

boundaries could modify the boundaries chemistry becoming potential twin nucleation sites. 

As a result, the formation of precipitates at the grain boundary could explain the small amount 

of twin nucleation in ZN11-HT, whereas in as-extruded ZN11 no evidence of twinning was 

found. Moreover, twin nucleation at grain boundaries is an indicator of high local stress and 

therefore suitable regions for crack initiation. 

 

The relationship between precipitates and twins can be also evaluated by analysing the results 

of the alloy ZN00. Note that the main feature of this alloy is the scarce presence of 

precipitates compared to ZN11 and ZN11-HT. Precipitates are mainly observed at grain 

boundaries and many precipitate-free grains are also observed. On the fracture surface of 

ZN00, three main features in the assumed crack initiation region are observed: the presence of 

twins, slip markings and an oxide layer. The oxide layer could be formed during the rotating 

bending tests, as observed by Xu et al. [164], since the crack initiation period is very long and 

takes up most of the sample fatigue life [108], [111]. Twins and slip markings are also 

observed in the microcrack region. The SEM images (see Fig. 4.23 (c)) of the microcracks 

suggest that crack propagation occurred through extrusion/intrusion bands or twin bands. In 

the image map of ZN00, propagation of the microcrack through twin boundaries is also 

observed (marked with a dashed blue circle). In the orientation map (Fig. 4.28), the extensive 

activity of deformation twinning can be observed. Furthermore, several grains containing 

extrusion/intrusion bands can be seen. In the orientation maps, the grains containing the above 

mentioned bands are marked with a dashed yellow circle. Slip trace analysis indicates the 

activity of mainly basal slip, however in the runout sample (Fig. 4.29) some grains also 

exhibited evidence of non-basal slip activity.  

 

For this alloy, the results suggest that extensive twinning and the activity of 

extrusion/intrusion bands are the main crack initiators. Concerning the activity of {10-12} 

twinning, two aspects must be considered: twin nucleation and twin growth. The occurrence 

of both is treated in terms of the presence or absence of precipitates. Since the alloy ZN00 

also exhibits “sphere-like” precipitates located at grain boundaries, the mechanism of twin 
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nucleation is the same as described for ZN11-HT, although in ZN11-HT only a small amount 

of very small twins was found. Therefore, twin nucleation occurs due to the presence of the 

precipitates at the grain boundary. As the formation of a significant amount of precipitates (c-

axis rods or basal plates) within the grains, which could suppress twin growth is not likely in 

this alloy due to the low contents of Zn and Nd, twin growth occurs. Consequently, twin 

growth takes place due to the absence of precipitates. In fact, a number of recently published 

articles report that precipitates suppress twin growth but tend to promote twin nucleation 

[186]–[188], [190], [193]. 

 

The formation of extrusion/intrusion bands is also a fundamental issue in the fatigue 

behaviour of ZN00. Since the ZN00 alloy exhibits “sphere-like” precipitates at the grain 

boundaries, the formation of extrusion/intrusion bands will be hindered, as was observed in 

the case of ZN11-HT. As a result, the high stresses induced by dislocation pile-ups at grain 

boundaries cannot be relieved and cracks can be formed prematurely. However, in contrast to 

ZN11-HT, some regions in the ZN00 alloy are precipitate-free. Consequently, in some grains 

extrusion/intrusion bands will be formed in surface grains. Over an increasing number of 

cycles, a fatigue crack can develop at an extrusion/intrusion band as described in the classic 

mechanism of fatigue damage.  

 

It is therefore suggested that the formation of extrusion/intrusion bands is a crucial factor 

determining the fatigue strength of Mg-Zn-Nd alloys. The formation of these bands is 

responsible for local stress relief and if the formation of these bands is hindered or prevented, 

cracks will be formed prematurely. It is important to note that under cyclic loading the 

performance of the ZN00 alloy is clearly better, while the ZN11-HT show a better results 

under monotonic loading compared to ZN00 (see Table 5.10). Since the grain size is 

comparable, the higher fatigue strength and fatigue ratio of ZN00 in comparison to ZN11-HT 

can be mainly attributed to the hindrance of extrusion/intrusion formation by the precipitates.  

 

Since the effects of crystallographic texture and the shape and distribution of precipitates on 

the fatigue damage mechanisms of magnesium alloys containing Nd have now been properly 

investigated, it is only a lack of information concerning the effect of grain size that remains. 

This issue is the motivation for the next section. 
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5.4.4 Influence of grain size on the crack initiation mechanisms  

 

In Table 5.11, mechanical data for ZNK111 under monotonic and dynamic loading are 

shown. The major difference between the alloy ZNK111 and the other neodymium-containing 

alloys in this study is its finer grain size. The alloy ZNK111 has basically the same 

composition as ZN11; however it contains Zr which was added in order to promote grain 

refinement. 

Table 5.11 Mechanical data for as-extruded ZNK111 under monotonic and dynamic loading. 

 

 

 

Indeed, this alloy shows the finest microstructure amongst the alloys containing Nd (see Fig. 

4.5 d). As a result of the Nd addition and the fine microstructure, the ZNK111 has a weak 

texture and superior mechanical properties under monotonic loading compared to the other 

Nd-containing alloys (see Table 5.11). Therefore, good performance under cyclic loading was 

expected. However, the performance of ZNK111 under cyclic loading is not as good as was 

expected, since the fatigue strength of ZNK111 is only moderately higher than that of ZN11 

(see Table 5.10). Note that ZN11 exhibits a coarser grain size and quasi-static mechanical 

properties inferior to those of ZNK111.  

 

In order to understand the mechanisms controlling the fatigue strength of ZNK111, the 

fracture surface, microcracks and local texture were analysed. With regard to the fracture 

surface, two main features were observed in the area assumed to be the crack region: the 

massive presence of precipitates and an oxide layer. The latter may have formed during the 

test [164] or after the test. In the current work, the origin of the oxide layer is unknown. On 

the other hand, the presence of massive precipitation at the grain boundaries, oriented in the 

extrusion direction and distributed throughout the grains was already observed in the as-

extruded condition (see Fig. 4.6 (d)). Indeed, the presence of precipitates is also observed 

close to the microcrack (see Fig. 4.23 (d)). In the same region, extrusion/intrusion bands are 

also seen and some microcrack branches seem to be formed by decohesion of the bands. 

However, the EBSD maps from the microcrack regions reveal no extrusion/intrusions, but 

extensive {10-12} twinning activity (see Fig. 4.30). On the other hand, the image quality map 

of the runout sample exhibits some grains containing extrusion/intrusion bands and slip 

TYS 

ZNK111 147 

(MPa) (MPa) (MPa) (MPa) 

UTS CYS UCS Fatigue Strength (σ-1)  

(MPa) 

228 136 322 80 

Fatigue Ratio 

(σ-1/TUS) 

0.35 
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markings (dashed blue circles), which could be identified by slip trace analysis as being basal 

slip (dashed white circles). Similar to the broken sample, the extensive activity of twinning is 

also observed. These results suggest that deformation twinning plays a key role in the crack 

initiation mechanism in ZNK111. The occurrence of extensive twinning in a fine grain size 

material is very interesting, since it has been reported that fine grain sizes can suppress 

twinning activity [196]. 

 

It has already been shown that precipitates are able to suppress twinning activity in alloys 

containing a large number of precipitates [188], [190], [192], especially, with regard to twin 

nucleation. As mentioned previously, grain boundaries are generally considered to be the 

most common sites for twin nucleation in these alloys. This is explained by the fact that 

precipitation will modify the local boundary chemistry and, therefore affect twin nucleation. 

This could explain twin nucleation in ZNK111, since several precipitates (assumed to be 

“sphere-like” and also “rod-like”) can be observed at the grain boundaries of this alloy, as 

seen in Fig. 5.6. As reported by Robson [187], in alloys containing Zn and Zr “rod-like” 

precipitates are more likely to occur.  

 

 

Fig. 5.6. Presence of precipitates assumed to be “sphere-

like“ (blue arrows) and precipitates assumed to be “rod-

like” (red arrows) in ZNK111 

 

Subsequent to nucleation, twin growth is expected to take place. However, twin growth is 

limited by the precipitates found inside the grains. Note that in  magnesium alloys containing 

a large amount of precipitates, they are not usually sheared [186]. Consequently, twinning 

dislocations must loop around the particles. Since twin growth is hindered, the grains are 

subjected to higher stresses because the imposed strain cannot be accommodated by twinning. 

2 μm 
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The high stress allows the nucleation of new twins within the grain in order to accommodate 

the applied strain [188]. As a result, more twins will be formed, with the main characteristic 

being the smaller size. Indeed, this description corresponds to the deformation twinning 

occurring in ZNK111 (see Fig. 4.30 and 4.31). It is worth pointing out that the above 

explanation is valid only in the absence of extremely fine precipitates within the matrix. 

 

Another effect caused by the precipitates that must be considered is the limitation of slip band 

activity. It is important to recall that ZNK111 is an alloy containing Zn and Zr, and that 

therefore the formation of c-axis rods rather than basal plates in this alloy is more likely. In 

fact, precipitates similar to rods were found at the grain boundaries (see Fig. 5.6). The c-axis 

rods are very effective in hindering basal and non-basal slip activity. As the slip band activity 

is limited, the formation of extrusion/intrusion bands is also hindered, leading to premature 

crack formation. Note that in the EBSD maps few or no extrusion bands could be seen near to 

the microcracks (see Fig. 4.30) whereas in the runout sample several grains show evidence of 

the presence of intrusion/extrusion bands (see Fig. 4.31). 

 

It is interesting to note that the results for the alloy ZNK111 do not comply with the classical 

rules of fatigue behaviour, which dictate that refinement of the microstructure is the most 

reliable way to improve fatigue behaviour. However the results found in this study contradict 

this theory, since in ZNK111 the effect of the very fine microstructure was negated by the 

effect of the precipitate amount and distribution. The latter led to twin formation and limited 

slip band formation, which accelerated the crack initiation period and resulted in a moderate 

improvement in the fatigue strength compared with the other alloys containing Nd and having 

coarser grain sizes, e.g. ZN11.  
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6. Conclusion 
 

The current work investigated the high cycle fatigue behaviour and quasi-static mechanical 

properties of extruded magnesium alloys containing the rare earth element neodymium. A 

commercial alloy AZ31 was employed as reference material. The main part of the study 

concerned the mechanical response and damage mechanisms under dynamic loading in the 

high cycle fatigue regime. The fatigue behaviour, in terms of the fatigue strength and fatigue 

ratio of the as-extruded and heat treated alloys was investigated in relation with the fatigue 

damage mechanism. The different mechanisms or interactions among them, which promote 

crack nucleation and fatigue strength variability as well as their association with 

microstructural features were established. Based on the results found in the current study, the 

following conclusions can be made: 

 

Influence of alloying elements on the as-cast microstructure 

The influence of the alloying elements on the as-cast microstructure is mainly manifested in 

terms of grain refinement. The grain refinement effect is discussed in terms of grain 

restriction factor (GRF). As the zirconium showed the highest GRF, which corresponded to 

38.29, this alloying element also showed the highest potential in grain refinement. The other 

alloying elements, zinc (GRF= 5.31) and neodymium (GRF=2.75), in combination also 

exhibited positive influence in grain refinement on the as cast microstructure of the 

experimental alloys. A further markedly effect of the alloying elements on the microstructure 

refinement is the formation of complex intermetallic phase involving Mg-Nd –Zn or Mg-Nd-

Zn-Zr, which was formed mainly at the grain boundaries. 

 

Influence of extrusion parameters and alloying elements on as-extruded microstructure 

and texture 

The feedstock material influenced the microstructure resulted after extrusion by the as-cast 

grain size and the formation of intermetallic phases. Small as-cast grain size implies smaller 

grain size after the extrusion. The intermetallic phases observed in the as-cast microstructure 

were mostly broken during the extrusion process originating particles stringers, which were 

found, oriented in the extrusion direction or migrated to the grain boundaries. The fiber 

texture exhibited by AZ31 is mainly attributed to the intensity of the unrecrystallized grains. 

On the other hand, the unusual and remarkably weak texture observed in ZN11, ZN00 and 

ZNK111 is related to the fully recrystallized microstructure exhibited by these alloys. Further 
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contributions can be added by addition of RE element, nucleation shear bands, PSN and 

boundary pinning. 

In the case of the alloys directly extruded, the extrusion ratio applied is smaller than in the 

case of indirect extrusion, which implied less workability and plastic deformation leading to 

decrease of DRX compared to indirect extruded profiles. As a result, the microstructures of 

these profiles presented high inhomogeneity and large amount of unrecrystallized grains. 

Thus, the texture of these profiles exhibited strong basal alignment in the normal direction. 

 

Influence of alloy composition, microstructure and texture on the quasi-static behaviour 

The strong basal texture of AZ31 led to the mechanical yield asymmetry due to the fact that 

deformation twinning activity was favoured under compressive loading. On the other hand, 

the weak texture of the alloys containing RE elements allows almost equally activity of 

dislocation slip and {10-12} twinning, which led to minimal mechanical yield asymmetry, 

high ductility and reduction of yield strength. 

 

The effect of grain coarsening and the slightly change in the texture after heat treatment 

prevail over the hardening effect of precipitates. Therefore, the mechanical properties of heat 

treated alloys are very similar to the observed in the non-heat treated correspondent. 

 

The determinant influence of texture is clearly seen in the samples extracted from the direct 

extruded profiles, AZ31 and ZN11. The direction unfavouring deformation twinning activity 

led to the highest tensile yield stress whereas the direction favouring {10-12} twinning led to 

low tensile yield stress.  

 

Influence of alloy composition, crystallographic texture, shape and distribution of 

precipitates and grain size 

Influence of Alloy Composition: The strong basal texture of AZ31 causes the extensive 

formation of {10-12} twinning in the half cycle under compression. Therefore, the twin 

boundaries are defined as main crack initiators in this alloy. As the weak texture of ZN11 

allows basal slip activity independent of the loading, the cyclic slip is considered to be the 

main crack initiator in this alloy.  

 

Influence of Crystallographic Texture: As the {10-12} twinning is main crack initiator in 

AZ31, the best fatigue strength and fatigue ratio were found in the direction which less 
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favours deformation twinning activity. For ZN11, in contrast, the best fatigue properties are 

not found in the direction which the deformation twinning activity is clearly unfavoured but in 

the direction where the particle stringers reinforce the microstructure. Thus it can be 

concluded that the effect of the texture is partially overlapped by the precipitates stringers. 

 

Influence of Shape and Distribution of Precipitates: The precipitates, basal plate, formed in 

AZ31-HT avoid twinning formation without hinder the basal slip activity. Consequently, even 

considering the coarser grain size, the fatigue ratio of the AZ31-HT was slightly higher than 

its non-heat treated correspondent. The type of precipitates, c-axis rods, formed mainly at the 

grain boundary in ZN11-HT hinders the extrusion/intrusion bands activity leading then to 

prematurely crack formation. As a result, the fatigue properties are far lower than its no-heat 

treated correspondent.  

 

Concerning the alloy ZN00, the precipitates at the grain boundaries nucleated deformation 

twins whereas in the precipitates-free grains, slip band activity was highly observed. 

Consequently in this alloy, the deformation twinning and the cyclic slip are found to be the 

crack initiators. 

 

Influence of Grain Size: It is well known that finer grain size is beneficial to the fatigue 

properties. However, in ZNK111 alloy abundance of “rod like” and sphere precipitates, at the 

grain boundary as well as inside of the grains, promoted massive {10-12} twinning 

nucleation. Consequently, the deformation twins are the main crack initiator in this alloy and 

their extensive formation overcame the benefit effect of the finer grain size leading to small 

improvement on the fatigue strength. 

 

Determination of the most deleterious microstructure features 

Based on the results of the developed work a ranking of the most deleterious microstructure 

features can be made: 

1
st
: Precipitates at grain boundary/Particles stringers 

2
nd

: Deformation twins 

3
rd

: Large and inhomogeneous grain size 

 

Consequently, it is expected avoiding these features an improvement of the fatigue strength.  
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This work contributes considerably to the improvement of the fatigue life of wrought 

magnesium alloys, since it supports the establishment of guidelines for improving fatigue 

properties of wrought magnesium alloys. Undoubtedly, such knowledge is essential where 

design of wrought magnesium alloys for structural applications. 
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