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ABSTRACT 

Low Temperature Behavior of ZK60 Magnesium Alloy After Thermo-Mechanical Processing 

Due to its low weight and good combination of mechanical strength and formability, wrought 

magnesium alloys containing zinc and zirconium are widely used in automotive and aerospace industries. 

Since mechanical properties of pure magnesium are weak, the addition of alloying elements is used to 

improve the mechanical response of magnesium alloys. In this study, ZK60 wrought alloy was selected to 

improve its mechanical properties using thermo-mechanical processes. A systematic combination of heat 

treatment and warm rolling was applied for this purpose. The solution treated sample was exposed to rolling 

followed by annealing treatment for enhancing the formability. Static and under stress regimes of aging 

were performed to form fine precipitates in the Mg matrix. 

The low temperature tensile behavior of samples was investigated at temperatures of -60℃, -20℃ and 

ambient temperature at a quasi-static strain rate of 10-3 s-1. The effect of processing parameters including 

heat treatment, deformation and aging on the microstructure, texture and mechanical behavior of samples 

were characterized as well. 

It was shown that systematic thermo-mechanical processes can significantly refine the microstructure 

and enhance the mechanical properties of static and stress aged samples. The fine grained structure along 

with equiaxed and uniform grains were achieved for the stress aged samples, while bimodal structure with 

coarse grains was observed for the solution treated sample. It was shown that rolling and stress aging can 

form strong basal texture aligned with the normal direction. It was also observed that in solution treated 

sample few number of coarse precipitates were formed, while high density of fine precipitates was observed 

for the static aged sample. The stress aged sample possessed higher density of precipitates relative to the 

solution treated and static aged samples.  

The results obtained from the tensile tests proved that the mechanical properties of both static and stress 

aged samples were higher than that of the solution treated sample. While the tensile strength and elongation 
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to failure of solution treated sample was 255 MPa and 11.2% respectively, the tensile response for best 

condition of static aged sample was improved up to 304 MPa and 25%.  The rolling and stress aging 

processes under the load of 50 MPa for 3 hours improved the tensile strength of samples up to 353 MPa 

and ductility up to 12.5%. At -60℃, the mechanical response of solution treated sample is limited to strength 

of 262 MPa and ductility of 2.6%. The mechanical properties of stress aged sample are significantly 

improved at the same temperature up to strength of 338 MPa and ductility of 9.2%.  
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 ÖZETCE 

ZK60 Magnezyum Alaşımının Termo-Mekanik İşleme Sonrası Düşük Sıcaklık Davranışı 

Çinko ve zirkonyum içeren işlenik magnezyum alaşımları düşük ağırlığı ve mukavemet-

şekillendirilebilirlik kombinasyonu sayesinde otomotiv ve havacılık endüstrisinde yaygın olarak 

kullanılmaktadır. Saf magnezyumun mekanik özelliklerinin zayıf olmasından dolayı bu özelliklerin 

ilerletilmesi için ek alaşımlama elementleri kullanılmaktadır. Bu çalışmada ZK60 işlenik alaşımı, mekanik 

özellikleri termo-mekanik işleme ile geliştirilmek üzere seçilmiştir. Bu amaçla ısıl işlem ve ılık 

haddelemenin sistematik bir kombinasyonu uygulanmıştır. Çözeltiye alınmış numune haddelemeye tabi 

tutulmuştur. Şekillendirilebilirliği artırmak amacıyla tavlama işleminden sonra magnezyum matrisinde ince 

çökeltiler oluşturmak için yüksüz ve yük altında yaşlandırma işlemi yapılmıştır.  

Numunelerin düşük sıcaklıktaki çekme davranışı -60℃, -20℃ ve ortam sıcaklığında ve 10-3 s-1 kuvazi-

statik gerinim hızında gözlenmiştir. Isıl işlem, deformasyon ve yaşlandırma da dahil olmak üzere işleme 

parametrelerinin etkisinin numunelerin mikroyapı, doku ve mekanik davranışı üzerindeki etkisi de 

karakterize edilmiştir.  

Sistematik termo-mekanik işlemenin mikroyapıyı önemli derecede inceltebildiği, yüksüz ve yük altında 

yaşlandırılmış numunelerin mekanik özelliklerini arttırdığı gözlenmiştir. Yük altında yaşlandırılmış 

numuneler için eş eksenli ve düzgün taneli ince yapılı yapı elde edilirken, çözeltiye alınmış numuneler için 

iri taneli bimodal yapı gözlenmiştir. Haddeleme ve yaşlandırma işleminin normal yön ile hizalı, güçlü bazal 

doku oluşumuna önemli ölçüde yol açtığı gösterilmiştir. Çözeltiye alınmış numunede az sayıda iri çökelti 

oluştuğu ve yüksüz yaşlandırılmış numunede yüksek yoğunluklu ince çökelti oluştuğu gözlenmektedir. 

Yük altında yaşlandırılmış numune, çözeltiye alınmış ve yüksüz yaşlandırılmış numunelere göre daha 

yüksek çökelti yoğunluğuna sahiptir. 

Çekme testlerinden elde edilen sonuçlar, yüksüz ve yük altında yaşlandırılmış numunelerin mekanik 

özelliklerinin çözeltiye alınmış numunelerden daha yüksek olduğunu ortaya koymaktadır. Çözeltiye 

alınmış numunenin çekme dayanımı ve kopmaya kadar uzaması sırasıyla 225 MPa ve %11.2 iken, yüksüz 
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yaşlandırılmış numunenin en iyi durumundaki çekme dayanımı ve uzaması 304 MPa ve %25’e kadar 

yükseltilmiştir. 3 saat süreyle 50 MPa yük altında yapılan hadde ve yük altında yaşlandırma işlemleri, 

numunelerin çekme mukavemetini 353 MPa’ya kadar artırmıştır. -60℃'de çözeltiye alınmış numune 262 

MPa dayanımın yanı sıra %2.6 süneklik göstermiştir. Aynı sıcaklıkta, yük altında yaşlandırma sonrası 

mekanik özellikler önemli şekilde ilerletilmiş olup, 338 MPa ve %9.2 seviyesi elde edilmiştir. 
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Chapter 1  

INTRODUCTION 

1.1.Motivation 

Compared with steel and copper, magnesium alloys are promising candidates for various structural 

applications especially for automotive, aerospace and marine industries due to their high elastic modulus 

and strength to weight ratios [1, 2]. In aerospace and automotive industries, aluminum and steel alloys are 

widely replaced with magnesium alloy, since it is easier to the machine and due to their excellent castability, 

formability and weldability [3]. Currently, the aim of automotive industry focuses on decreasing the weight 

of vehicles. Energy efficiency as a significant concern of heavy industries has made fuel consumption 

reduction a real challenge which can be attained only by weight reduction of structural parts of the vehicles. 

The application of magnesium alloys in the vehicle structure can decrease the fuel consumption near to 

40% [4]. 

The first applications of magnesium alloys back to 1960s. However, its high cost forced the 

manufacturers to substitute it with aluminum [5]. The increase in fuel price and lack of fuel resources once 

again in late 1990th convinced the automotive industry to make attention to the usage of magnesium alloys 

in core applications [5, 6]. However, compared to its counterparts such as steel, aluminum, and polymers, 

magnesium alloys use is still limited.  

Magnesium alloys, in general, have good tensile strength and adequate rigidity and because of their low 

density are lighter compared to iron and aluminum. Magnesium alloys have limited formability at room 

temperature due to their hexagonal closed packed (HCP) structure [3, 7]. At room temperature, two 

independent basal slip systems activate for magnesium, and the deformation mechanism is restricted to 

twinning deformation [8]. At high temperature with activation of non-basal slip systems, the ductility can 

be enhanced significantly [9]. It is proved that texture in favorable orientation and also grain refinement 
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can improve the mechanical strength of magnesium due to reduction of the twinning volume fraction. 

Desired texture can also increase the number of activated basal slip systems and subsequently lead to a 

better mechanical response [10, 11].    

Characterizing the response of materials to deformation processing have always been in the attraction 

of the researchers. The conventional deformation techniques such as drawing, rolling and extrusion have 

been used to improve the mechanical properties of the different types of materials [12]. As mentioned, the 

formability of magnesium at room temperature is limited. The low formability of magnesium alloys is 

considered to be compensated using hot forming process. At high temperatures near 300°C, the oxidation 

of magnesium alloys hinders the forming process [13].  Hence, it is important to control the oxidation 

during hot forming processes. Warm rolling process as a promising method to improve the mechanical 

strength in the certain direction accompanied with favored texture is previously used for mechanical 

enhancement of magnesium alloys [14, 15]. During rolling, precipitate nucleation along with an increase 

in density of dislocations contributes to the mechanical improvement of bulk material [16]. Among all 

magnesium alloys, rolling efforts have been made especially on alloys containing Zinc elements such as 

ZK60, AZ31, and AZ91. These efforts prove that rolling can increase the density of dislocation in a wide 

range and contributes to the nucleation of precipitates containing Zinc element [17]. Deformation processes 

such as rolling can also influence the grain size of the bulk matrix in magnesium alloys [18, 19]. The grain 

refinement as an improvement method can enhance the mechanical properties by impeding the movement 

of dislocation across grain boundaries (GBs). Nano crystalline and fine grained structures have large 

volume fraction of grain boundaries and exhibit unique mechanical properties compared with coarse 

grained materials [20, 21]. 

Mechanical improvement is achieved via precipitate hardening as well. ZK60 alloy containing 

precipitates of zinc (Zn) and zirconium (Zr) is one the successful methods done to improve the strength 

using the precipitate hardening method. Microstructural evolution of ZK 60 alloy has been characterized 



18 

 

after precipitate hardening, and a good distribution with fine precipitates has been illustrated for this alloy 

[22, 23]. 

A combination of rolling and heat treatment methods can be used for magnesium alloys to increase the 

mechanical properties. A particular focus on ZK60 alloy demonstrates that the combined use of 

deformation processing and aging treatments can significantly improve the strength [24, 25].  Thermo-

mechanical processing (such as rolling and extrusion) before aging treatments can effectively refine grains 

and produce a strong texture, which can generate refinement hardening. Recent studies have reported that 

deformation prior to precipitate hardening processes can improve strength [26]. The high density of 

dislocations produced by strain hardening methods can accelerate aging kinetics and facilitate the 

nucleation of precipitates during aging treatments, leading to better aging hardening response. There would 

be a high competition between slip and twinning deformation on Mg alloys depending on the texture of 

alloy. It means that at certain directions, high density of dislocations are influenced by pre-strain, profuse 

twins [27, 28]. The dominant deformation mechanisms need to be investigated for the ZK60 alloy, and the 

effect of rolling and subsequent aging needs to be characterized. 

Stress aging method as a means of precipitate hardening is previously used for aluminum alloys 

containing copper. During this process, the applied load in a proposed direction can influence the formation 

of precipitates in a favored direction along with the creation of texture in the microstructure. In addition to 

the effect of static aging, the effect of stress aging on the mechanical properties of ZK60 alloy is a crucial 

topic of discussion. In stress aging, a process combining heat treatment with an elastic stress regime is used 

to enforce stress relaxation or creep-forming during artificial age-hardening of binary alloys. This 

simultaneous forming and aging technique has been utilized in the manufacturing process of integrally 

stiffened lightweight structures for aerospace applications [29]. In addition to the effect that plastic 

deformation prior to aging has on the heterogeneous nucleation of precipitates on dislocations in certain 

classes of Mg alloys [30], application of an elastic stress during aging can significantly affect the orientation 
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of precipitates. Depending on the direction of the precipitate habit plane with respect to the stress axis, 

precipitation may or may not be favored, thus leading to a preferentially oriented precipitate structure [31].  

It is noted that a systematic investigation on the effect of combined rolling and aging processes 

accompanied with specific heat treatment methods is lacking for magnesium alloys containing binary 

phases of Mg-Zn and Mg-Zr. On the other hand, no efforts have been made to characterize the effect of 

stress aging on the microstructure, texture and mechanical enhancement of ZK60 alloy. In the current work, 

warm rolling has been conducted on the solution treated samples of ZK60, and then subsequent aging 

treatment both in static and dynamic regimes have been examined. The effect of this combined method 

along with the individual effects of each process on the microstructure, texture and mechanical properties 

have been investigated and reported. 

1.2.Technical Approach  

Based on the technological and strategic importance of magnesium alloys and using the motivation 

outlined in the previous section, ZK60 alloy investigated in this study. The commercial wrought high purity 

ZK60 alloy slabs were supplied and used in this research. A processing schedule was prepared for this 

alloy, having a notice on the previous works done on this field. The prepared schedule was ensured to 

maintain uniform deformation for all the samples during the rolling and heat treatment processes. 

Controlling the level of oxidation during the rolling and heat treatment process is another factor that can 

affect the uniformity of the process. The processing schedule was arranged to investigate the sole effect of 

rolling and subsequent heat treatment process on the mechanical properties and to minimize the adverse 

side effects of possible crack formation and oxidation.  

Based on the light of the motives presented in the previous section, the overall objectives of the current 

research are stated below. To fulfill these objectives, a set of experimental methods was applied.  

1. Performing solution heat treatment on the as-received slabs of ZK60 alloy by minimizing 

the possible oxidation level to prevent the adverse effect on the mechanical properties.  
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2. Performing rolling process on the solution treated samples by controlling the process 

parameters to maintain uniformity of the deformation.  

3. Performing aging processes in both static and dynamic regimes by minimizing the effect of 

oxidation.  

4. Investigating the microstructural evolution and texture analysis of treated samples after 

thermo-mechanical processes and characterizing the trends and contrasts formed in the 

microstructure and texture. 

5. Studying possible deformation mechanisms and describing the effect of operational 

temperature on the mechanical properties of the treated samples.  

6. Characterizing the effect of the microstructure on the mechanical properties of processed 

samples.  

The following goals were set in more details for the specified alloy.  

1. Grain refinement and increase in the twinning effects of rolled samples compared to their 

as-received counterparts.  

2. Enhancement of mechanical properties of rolled and static aged samples relative to the as 

received and rolled samples.  

3. Enhancement of mechanical properties of stress aged samples relative to the statically aged 

samples and the rolled ones via exhibition of finer and more uniformly distributed precipitates.  

4. Characterizing the microstructure and texture of the rolled and aged samples and exhibiting 

microstructural evolution based on the temperature variation.  

It is anticipated that a basis will be formed after achieving these goals to understand the microstructure-

property relations in the processed ZK60 alloy. The microstructural evolution and mechanical property 

improvements of the treated samples are characterized and a comparison is made with the solution treated 

samples. Deformation mechanisms during the post-process thermo-mechanical process and the effect of 
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temperature during the mechanical tests are then examined to characterize the possible deformation systems 

in operation for the examined magnesium alloy.  

This thesis is divided into five sections. In chapter 2, a brief technical background is presented about 

the mechanical and microstructural characteristics of the developed alloy. Active deformation mechanism 

and hardening methods are described for the magnesium alloys. Chapter 3 describes the experimental 

procedure conducted for this study. In chapter 4, the effect of thermomechanical processes on the 

microstructure of the developed samples is investigated using the optical, scanning electron and 

transmission electron microscopy. The effect of rolling and subsequent heat treatments on the mechanical 

properties at ambient and low temperatures is characterized in chapter 5. Finally, texture evolution is 

examined for the processed samples and correlation between observed texture and mechanical properties 

have been made in chapter 6. Conducted experiments and observed results are used to characterize the 

mechanical response of developed samples at low temperatures.     
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Chapter 2  

TECHNICAL BACKGROUND 

2.1.Pure Magnesium Properties 

As an alkaline rare earth metal, magnesium has the atomic number of 12. It has a hexagonal close packed 

structure (hcp) with atomic diameter of 0.32 nm, making it a favorable choice for a solid solution with 

various types of metals. The arrangement of stacking layers of ABAB in a cell unit is shown in Fig. 2.1. 

For the mentioned arrangement, lattice parameters are 𝑎 = 𝑏 ≠ 𝑐. The low density of 1.738 g cm-3 ,nearly 

34% lower than that of aluminum makes it one of the lightest structural based metals[32, 33].  

 

Fig. 2.1. A schematic diagram of a unit cell in magnesium. 

Crystal structure of magnesium restricts the number of slip systems and makes its deformation 

mechanism difficult at ambient temperature. Inherently, mechanical testing results for pure magnesium are 

considered to be poor. To strengthen the mechanical properties of pure magnesium different methods are 

applied, and the addition of alloying elements is proposed as a first step. Other strengthening methods such 

as grain refinement and precipitate hardening can be applied for magnesium [33, 34].  

2.2. Magnesium alloy classification 

Based on the American Society for Testing Materials (ASTM-E527) [34], the designation of magnesium 

alloys is made by including letter codes for two major elements at first section and the nominal weight of 

the composition of the reported elements at the second part.  The letter codes and examples of used alloys 
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are presented in Table 2.1. The letter codes need to follow a descending order and should depend on the 

amount of alloying elements.  A third section may be used for the alloys containing the same amount of 

elements to address them. In order to illustrate the heat treatment condition, the fourth section is used. F as 

fabricated, O as annealed, T4 as solution treated and T5 as aged are commonly used temper conditions. An 

example here can be ZK60E-T6 containing near 6% zinc and 0.5% zirconium, ranked as 5th alloy having a 

similar composition. T6 is showing the temper condition which is solution treatment followed by aging.  

Table 2.1 Major letter codes for magnesium alloys [34] 

Letter code Elements Examples Composition (wt%) 

A Alumunium AZ91 3Al-1Zn 

C copper ZC63 6Zn-3Cu 

E Rare Earth EQ21 2.1Di-1.5Ag 

K Zirconium K1A 0.7Zr 

M Manganese AM60 6Al-0.13Mn 

S Silicon AS41 4.3Al-1Si 

Z Zinc ZK60 6Zn-0.5Zr 

 

Magnesium alloy slabs are prepared both in wrought and as cast forms. Based on the application of the 

alloy favorable elements are added to strengthen the material. Wrought and cast alloys are described in 

more details in the upcoming sections. 

2.3. Magnesium Cast Alloys 

The most usable cast magnesium alloys are aluminum-zinc-manganese (AZ) and aluminum- manganese 

(AM) or aluminum-silicon series (AS) series. It can be said that most frequently-applied magnesium cast 

alloys are AZ91 and AM60. AZ Series are widely used where high strength and good castability are 

required. AZ91D possesses good mechanical strength along with the satisfactory level of resistance to 

corrosion in salt water [35]. AZ91 containing a lower amount of iron and copper even has higher resistance 

to corrosion [36]. For the AZ series of magnesium alloys, Mg17Al12 particles exists in the as-cast condition. 

As these series of alloys are heat treated up to 420°C, mentioned phase dissolves in the in solution. Solid 
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solution strengthening method contributes to the strength of matrix while the presence of this precipitate 

lowers the ductility of the alloy [36]. 

For applications requiring a higher level of formability, AM series are used. AM60B alloy having a 

lower amount of aluminum than the AZ91 shows better formability while the strength is nearly the same 

with AZ91.The enhancement of ductility in AM series is due to lower volume fraction of the Mg17Al12 

phase at grain boundaries [35].  

The major disadvantage of AZ series is their low resistance to creep. In order to provide satisfactory 

creep resistance at temperatures ranging from 120℃ to 150℃, AS series are good alternatives. By reducing 

the volume fraction of Mg17Al12 phase and replacing it with the stable phase of Mg2Si, the creep resistance 

of AS series is improved at high temperatures [37].  For applications requiring a higher level of creep 

resistance, at temperatures higher than 200°C, QE and WE series may be used.  

2.4. Magnesium wrought alloys 

Since most of the industries have shown less attention to the wrought alloys, investigations on the 

wrought magnesium alloys are more limited. The usage of wrought magnesium alloys only involves 2 

percent of total usage of magnesium alloys. The application of sheet alloys of steel and aluminum alloys is 

widely spread in the structure of automobiles. However, the body weight of the structure constitutes near 

25 % of the whole component. Hence the application of magnesium alloy in sheet form can be a good 

alternative due to their lower weight with comparable mechanical properties [38].  

While the castability is the main issue in cast alloys, for wrought alloys it is important to find out the 

possibility of formability of the processed alloy. Magnesium alloy’s intrinsic limitation for plastic 

deformation arises from its crystallographic structure as it will be discussed in the upcoming section. Lack 

of interest in wrought alloys has led to the development of few wrought alloys of magnesium having a 

lower fraction of element and variety of cast alloys. At high temperatures, it is found that alloying elements 
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forming the intermetallic initiate hot cracking during thermomechanical treatments. The main reason for 

restriction in adding aluminum to the AZ series is intermetallic compounds [39].  

Commercial wrought alloys of magnesium mostly contain aluminum, zinc, manganese, and zirconium.  

The two wrought alloys widely used are AZ and ZK. ZK series have high strength among all magnesium 

alloys, though their ductility is limited at room temperature [40]. It is proved that addition of zirconium to 

magnesium alloy leads to grain refinement and increase of the strength. For instance, ZK 60 alloy has 

outstanding strength compared with its AZ series counterparts. 

Table 2.2 shows the tensile properties of known magnesium wrought alloys. In order to produce a 

suitable wrought alloy, a reasonable trade off between strength and formability of the alloy is needed to be 

handled. Plastic deformation can be performed at high temperatures in order to obtain high strength along 

with favorable formability termed as superplasticity. Commercial AZ31. AZ91 and ZK60 alloys are highly 

investigated to characterize their superplastic behavior [41].  

Table 2.2. Tensile properties of conventional wrought alloys at ambient temperature [41] 

Alloy Tensile strength (MPa) Elongation to failure (%) 

AZ31 240 11 

AZ61 265 9 

ZK60 277 8 

MA210 210 30 

 

2.5. Effect of addition of alloying elements to the magnesium alloy 

Due to having a proper atomic diameter matching with aluminum and zinc, magnesium could be easily 

solid solution strengthened. For aluminum, atomic mismatch with magnesium is nearly 13% and for zinc, 

it is less than 9%. The current study concentrates on ZK series. Hence the effect of zinc and zirconium 
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element in magnesium is described. Additionally, the effect of aluminum as the most common alloying 

element is discussed.  

2.5.1. Aluminum 

As shown in Fig. 2.2, the solubility of aluminum is 12.7 wt% at maximum level in magnesium. The 

addition of aluminum improves the castability due to increase in the fluid flow of the melt [36].  On the 

other hand, further addition of aluminum increases the risk of shrinkage during casting. The solubility of 

aluminum at room temperature decreases to 2 wt%. Hence brittle Mg17Al12 precipitates will form reducing 

the mechanical strength. This precipitate type locates on the basal plane and has not any effect on blocking 

the movement of basal dislocations. During age hardening, it forms in long lath shaped particles which also 

deteriorate the mechanical strength [42].  

 

Fig. 2.2. Binary phase diagrams of (a) Mg-Al and (b) Mg-Zn [37] 

2.5.2. Zinc 

Zinc is the most significant alloying element in ZK alloys. Owning solubility of 6.2 wt% in magnesium, 

it also contributes to the melt fluidity. The strengthening method of the solid solution increases the critical 

resolved shear stress (CRSS) on basal planes. Although CRSS value is increased for basal slip, further 

addition of zinc decreases the CRSS value on prismatic slip leading to improved ductility [43]. The 

limitation inhibiting more addition of zinc is hot cracking during casting and warm rolling. The addition of 
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1 to 2 wt% is suggested for AZ alloys while age hardening mechanism will not be operative at this level of 

addition [44].    

2.5.3. Zirconium 

Zirconium is known as the most efficient addition for grain refinement in magnesium alloys. It is 

reported that addition of 0.6 to 0.9 wt% of zirconium into magnesium melt can reduce the grain size 

significantly and contribute to the formation of more uniform and equiaxed structure [45, 46]. It is not 

possible to use the zirconium as a refining factor if a principal amount of aluminum (more than 2%) is 

added to the magnesium matrix. In magnesium-aluminum alloys, a stable compound of Al-Zr is formed 

inhibiting the grain refinement of structure [46]. 

2.6. Deformation systems in magnesium alloys 

Due to its hcp structure, deformation of the magnesium alloy is restricted at room temperature. Unlike 

cubic metals, for hcp structures, slip systems are limited, and ductility is low at ambient temperature. 

Whenever additional slip systems would be activated, high ductility can be achieved especially at high 

temperatures [47]. In order to understand the mechanical properties of magnesium alloy, it is essential to 

characterize the deformation mechanisms. Deformation of the magnesium alloy is mainly controlled by 

slip at room temperature. However, twinning can act as a contributing factor while slip systems are limited. 

At higher temperatures, grain boundary sliding (GBS) has the primary role in deformation [48].  

2.6.1. Slip  

Movement of blocks of crystals along the favorably oriented planes of crystals is called slip. Dislocation 

movement typically occurs along the closed-packed crystallographic orientation known as slip direction 

with a plane having the highest atomic density (slip direction). Slip systems are termed for a combination 

of these slip directions and slip planes [49].  The highest atomic density in a magnesium matrix is for (0001) 

plane (basal plane), and the closed packed direction is [112̅0]. Hence, the most common slip occurs on the 

basal plane along the [112̅0] direction. The factor involving in the extension of slip systems are crystal 
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geometry and orientation of moving plane and the amount of shear stress generated by the applied stress. 

There is a minimum value for slip. The minimum amount of shear stress at which slip initiates is called the 

critical resolved shear stress (CRSS). Slip systems for an hcp crystal of magnesium is shown in Fig. 2.3.  

Based on the Von Mises criterion, in order to generate a homogeneous shape change in a crystal, five 

slip systems leading to five independent deformation mechanisms are required. In other words, to consider 

no volume change during the plastic deformation, five independent components of a strain tensor are 

needed. Activation of any single slip systems generates a single component of strain tensor. Hence, in order 

to complete all five components of a strain tensor, activation of five slip systems is necessary [50].Two 

deformation modes are generated by a basal slip in a magnesium matrix. As mentioned before, the basal 

slip is the dominant mode at room temperature. Basal slip alone can not provide criteria for uniform 

deformation at room temperature, and this is the main reason for poor ductility of magnesium at ambient 

temperature. To provide five independent strain components of the tensor, activations of prismatic and first 

order pyramidal slip systems are necessary. However, it is reported that poor formability can be observed 

along certain directions for magnesium even with the activation of mentioned systems [50]. The slip in 

basal, prismatic and first order pyramidal systems do not contain the <c> component and activation of 

second order pyramidal slip and twinning is required for accommodating strain in this direction. 

The CRSS values for different slip systems are shown in Fig. 2.4. It is observed that basal slip is nearly 

independent of temperature while the CRSS value for other slip systems decrease significantly at high 

temperatures. 

Dislocations are mainly named as their corresponding Burgers vectors. Dislocations with Burgers vector 

of 1/3 [112̅0] are named as <a> dislocations. <a> dislocations are mainly activated in a direction parallel 

to the basal plane since they can not provide deformation out of basal plane.  
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Fig. 2.3. Slip and twinning systems in a magnesium crystal (a) basal (0001) [112̅0] (b) prismatic (101̅0) 

[112̅0] (c) first order  pyramidal (101̅0) [112̅0] (d) second order pyramidal (112̅2) [1123] slip systems 

(e) tension  twinning (101̅2)  [101̅0] [50] 

 

Fig. 2.4. Variation of Critical resolved shear stress (CRSS) values with temperature for different slip 

systems [51, 52] 

In order to initiate deformation in c axis, activation of dislocation in this direction is needed. Dislocations 

designated as <c+a> have the burger vector of 1/3 [11-23] and their deformation is activated along the c-

axis. Second order pyramidal slip is an example in which stress is applied along the c axis, during the 
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compression [53]. As shown in Fig. 2.4, the CRSS value for activation of <c+a> slip is the highest. It is 

reported that enhancement of ductility in magnesium alloys is highly dependent on the activation of <c+a> 

slip [54, 55]. A shown in Fig. 2.4b, the CRSS value for the prismatic slip of magnesium alloys is increasing 

by decreasing the temperature. This is the main reason for higher strength of magnesium alloys at low 

temperatures [52].  

2.6.2. Twinning 

The symmetric orientation of blocks of undeformed crystals generated by the deformation of a portion 

of deformed crystals is called twinning [49]. A shear displacement caused by deformation enforces the 

arrangement of atoms in a way that mirror-image effect is formed in the twinned part of the lattice relative 

to the untwined section. Total strain generated by the twinning is limited, and it mainly depends on the twin 

shear orientation. It is also reported that twinning can invoke some slip activity by reorientation of lattice 

and can promote plasticity [56]. Schematic view of a twinning deformation and a comparison with slip 

mechanism is shown in Fig. 2.5.    

 

Fig. 2.5. Slip and twinning in a crystal [57] 

As mentioned before, there is a critical lack of slip systems at room temperature for magnesium. Hence, 

the activation of twinning deformation mode is considered to be essential for improving plasticity at room 

temperature. In case that <a> basal slip cannot accommodate the deformation or where applied stress 
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parallel to the c-axis is required, activation of twinning becomes necessary. It is reported that under the 

condition of c-axis extension, (10-12) <10-11> twins are observed [10]. Extension along the c-axis means 

that the stress is applied parallel to the c-axis in a crystal under tensile extension. Twining along the (10-

12) plane is the most easily activated twinning mode in hcp materials.  

The effect of grain size in twinning is investigated in previous literature as well. Ecob and Ralph [58] 

showed that as the grain size microstructure increases, the contribution of twinning to deformation increases 

linearly. Barnett et al. suggested that by decreasing grain size or increasing temperature, a transition can 

occur from twin dominated deformation to the slip dominated one [59].  

The relative CRSS values for slip and twinning systems at ambient temperature are summarized in Table 

2.3 for pure magnesium, AZ31, and ZK60. 

Table 2.3. Relative CRSS for various magneium alloys [59] 

Material τtwin/   τbasal Τprismatic(a) /   τbasal 

Mg 2.5-4.4 48-87 

AZ31 3 5.5 

ZK60 - 1.5-2 

2.7. Texture 

Each single grain has certain crystallographic orientation in a unit of structure. In deformation process 

such as rolling a preferential orientation (texture) in grains is developed and individual planes orient with 

respect to the axis of principal strain [49]. It is expected for a group of grains to develop a crystallographic 

texture, since the deformation mechanisms such as slip and twinning occur in the most preferred 

orientation. For the rolling process, texture is described using planes parallel to the surface of rolling and 

direction, in which rolling plane is parallel to the rolling direction (RD). A set of pole figures is used to 

characterize the texture. Pole figures are two-dimensional projections used to illustrate the orientation of a 

pole for a single crystallographic plane [50]. 
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 During rolling of magnesium alloys, a strong basal texture is formed meaning that basal planes of 

grains are oriented mostly parallel to the rolling direction [60]. It is also worth noting that for rolled samples 

with basal texture, <c> axis of grains is parallel to the normal direction of rolling (ND).  In Fig. 2.6, pole 

figures for AZ31 rolled sheet are illustrated in different planes.  

 

Fig. 2.6. Illustration of basal texture for hot rolled sheets of AZ31 [61] 

Basal texture is formed by basal slip system and tension twinning along the c-axis. The rolling process 

reorients the <c> axis in a way that it becomes parallel to the normal direction of rolling leading to the 

alignments of basal planes parallel to the rolling direction [62, 63]. 

Mechanical properties of rolled sheets significantly depend on the orientation of applied stress relative 

to the sheet’s texture. For instance, during compression, if the applied stress is parallel to the basal planes, 

activation of non-basal slip systems or twinning is required for the initiation of deformation [64]. 

2.8. Recrystallization in magnesium alloys 

One of the important factors for mechanical enhancement of is grain refinement. It is known that during 

thermo-mechanical processes such as rolling, recrystallization of grains can lead to grain refinement. 

Recrystallization phenomena in magnesium alloys is briefly described below. 

Annihilation and rearrangement of dislocations are two standard methods for reducing stored energy of 

material during deformation. This process is called as dynamic recovery in which strain-free grains can be 
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formed typically accompanied by material softening [65]. Recrystallization phenomena that occur during 

deformation is referred to as dynamic recrystallization (DRX).  

A DRX mechanism is suggested for AZ31 magnesium alloys by Ion et al. based on the lattice rotation 

and dynamic recovery of grains [63]. The proposed mechanism is illustrated in Fig. 2.7. It is supposed that 

during deformation, tensile twinning is activated and basal planes are rearranged perpendicular to the stress 

direction. While basal slip is restricted to the grain boundaries, the orientation of lattice initiates the 

dynamic recovery and lead to the formation of subgrains. Migration of sub-grains along the grain 

boundaries leads to coalesce of grains and formation of high angle boundaries [66].   

DRX can result in the formation of nuclei which can favorably orient during basal or non-basal slip. 

Depending on the size of newly-developed grains, there might be a chance of sliding. However, previous 

works suggest that low misorientation angles and strong basal texture are not consistent and intense 

dislocation movement is dominant [63]. The mechanism discussed above is related to gradual changes in 

the misorientations of sub-grains from low angle sub-grains to high angle ones and is termed as continuous 

DRX [67].  

 

Fig. 2.7. Suggested DRX mechanism in magnesium alloys [67] 
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2.9. Thermo-mechanical treatment of magnesium alloys 

Various deformation processes are designed and applied to reduce the grain size of the metal 

microstructures. It is well known that grain refinement leads to mechanical improvement in magnesium  

alloys [68]. A process such as cold and hot rolling, equal channel angular pressing (ECAP), accumulative 

roll bonding (ARB) and high-pressure torsion (HPT) are used to refine the grains of coarse grained 

materials. Due to a large amount of strain and intense deformation, mentioned processes are termed as 

severe plastic deformation (SPD) processes.  

It is shown that hot rolling of magnesium alloys can reduce the grain size significantly. Chen et al.[69] 

investigated the effect of rolling and multi-pass rolling on the microstructure of ZK60 alloy. Formation of 

fully refined and equiaxed microstructure along with high density of shear bands was reported for hot 

rolling process [69]. Multi-pass rolling as an efficient method can be used for further grain refinement 

where grain boundary recrystallization can occur effectively [70, 71]. To obtain a homogenous structure 

during rolling, it is suggested to perform rolling in temperatures between 300℃ to 400℃, though there is 

no optimum temperature for rolling.  

ECAP process can generate a refined structure by introducing high shear stress. ECAP is typically used 

to create a microstructure in micro-scale. During the process, a bar or rod is passed along a die which is 

limited by a channel. Grain refinement was reported for ZK60, and excellent mechanical properties of 

developed materials were published elsewhere [72-75]. 

Another method of grain refinement, high-pressure torsion has received significant attention in recent 

years. The circularly shaped material is pressed and simultaneously a torsion is exposed to the material 

using two anvils. Further information of HPT can be found in the previous literature [76, 77]. The final 

microstructure is generally in nano-scale. The average grain size of 0.7 µm is reported for the ZK60 alloy 

[78, 79].  
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2.10. Rolling principles 

As a thermo-mechanical treatment, a warm rolling was applied in the current study to enhance the 

mechanical strength of the examined magnesium alloy. Hence, it is necessary to understand the basics of 

rolling for precise investigation of its effects. In a traditional rolling process, a sheet of metal is contracted 

between two rolls made of high strength materials while they are rotating in opposite sides [79]. Rolling is 

highly utilized in the automotive sector for developing high strength sheet metals.  A traditional rolling 

mill apparatus stand is shown in Fig. 2.8. The mechanism of the flat rolling process is illustrated in Fig. 

2.9. 

 

Fig.2.8. Schematic view of a rolling mill [79] 

 

Fig. 2.9. Flat rolling process [79] 
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2.11. Precipitation Hardening 

It is evident that in binary systems, excessive concentration of alloying elements leads to the formation 

of second phases. The thermo-mechanical process can also accelerate the formation of second phases [80]. 

These second phases may impede the motion of dislocations by acting as pinning point just as in solutes. 

Interaction of the second phase precipitates with dislocations is categorized in two ways. If the precipitate 

size is small, dislocations can cut through them (particle cutting), while for particles with a size larger than 

a critical value dislocation will circumnavigate around precipitates (particle looping) [57]. Two 

mechanisms of interaction between dislocations and particles are illustrated in fig. 2.10.  

 The yield stress for sheared particles is given by [81]: 

𝜎𝑦𝑝 = 𝑍𝑝𝑀𝐺𝐾𝑃

3

2(
𝑓𝑅

𝑏
)1/2                                                                                                                       (5)                

where R and f are the average radius of precipitates and volume fraction of precipitates, respectively                                                                                                               

The yield stress needed for precipitate lopping is given as: 

𝜎𝑦0=2𝑀𝐺𝑏/𝐿𝑝                                                                                                                                       (6)                                                                                                                                                                            

where LP is the average inter-particle spacing in the glide plane and is called as the Orowan stress.  

 

Fig. 2.10. Dislocations interaction with precipitates [57] 
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To establish a stable precipitation hardening, systematic arrangement of solutionizing, quenching, and aging 

treatments is required. In solutionizing, alloy is heated up to the mono-phase region, and it is kept for a long 

time to dissolve pre-existent precipitates. Then, it is quenched to avoid the formation of precipitates during 

cooling. Finally, at a temperature lower than the mono-phase region, the solid will be heated up to form fine 

precipitates [80].  

2.12. Hall-Petch Strengthening 

Grain refinement, as disused previously, is one of the effective methods for strengthening of materials. 

Grain boundaries act as physical obstacles against the motion of dislocations [49].  Grains have various 

crystallography orientations that change from grain to the next one. As this misorientation between grains 

increases, high angle grain boundaries play a role of barrier against the movement of dislocations. The 

effect of grain size on the mechanical strength of metals is expressed using the Hall-Petch relation [82]. 

The relationship proposed by Hall and Petch can be seen as follows: 

𝜎0 = 𝜎𝑖 + 𝑘𝐷−1/2                                           (10) 

where, 𝜎0 and 𝜎𝑖 are the initial friction stress and the yield stress, respectively. K is the locking parameter 

and D is the grain diameter. It is inferred form this relation that reduction of grain size leads to higher yield 

strength which is termed as grain refinement strengthening.  

2.13. Low temperature mechanical behavior of magnesium alloys 

Low temperature behavior of magnesium alloys is investigated in literature. Mechanical properties of 

AZ91 magnesium alloy is investigated at temperature of -20℃ by Ahmad et al. [83]. It is said that AZ 91 

alloy is deformed by the slip. However, at low temperature it is observed that twinning can be activated. 

At -30℃, Ahmad et al. observed severe damage in β-phase leading to more brittle fracture causing a 

reduction in the ductility. twins were observed at low temperature of -30℃. Both slip and twinning are 

activated at low temperature based on the observations of microstructure.  
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Plastic deformation of AZ31 was investigated at low temperatures by Wang et al.[84]. It was observed 

that by decreasing temperature, the tensile strength of samples was increased while the elongation to failure 

was decreased. Deformation mechanism was described by the dislocation-based theory. The dislocation 

motion mechanism was proposed to change by decreasing deformation temperature. At temperatures higher 

than 173K, the interaction between dislocations with forest dislocations was observed while at temperatures 

below 173K dislocation motion is under control of dislocation interaction with local lattice friction. 
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Chapter 3  

EXPERIMENTAL METHODS 

 

3.1. Initial material’s characterization and processing details 

The as received material used in this study was a zink-zirconium magnesium alloy commercially termed 

as ZK60. A wrought slab of ZK60 was received with dimensions of 400×300×25mm. The chemical 

composition of the as-received material is summarized in Table 3.1.  

Table 3.1. Chemical composition of as-received slab of ZK60 

Alloy Mg (wt.%) Zn(wt.%) Zr(wt.%) others(wt.%) 

ZK60 92.34 6.32 0.93 ≤0.5 

 

The as-received material was exposed to solution treatment and then were warm rolled to develop a fine 

grained structure. Annealing treatment was performed on the rolled samples to restore the formability. 

Development of fine and uniform precipitates in processed samples was conducted by two methods of 

artificial static aging and stress aging. The details of processing procedure will be described thoroughly in 

the upcoming sections.  

3.2. Alloy processing 

Prior to the conduction of aging, it is necessary to remove the history of heat treatment for the as-received 

slab and to refine the structure as well. Hence, solution treatment and rolling are performed on the samples, 

respectively. Further heat treatments are performed to improve the mechanical response.  

3.2.1. Solution treatment 

Using electron discharge machine (EDM), samples with dimensions of 50×40×4 mm were cut and 

prepared for solution treatment. Solution treatment was conducted at 500℃ for 2 hours inside a vacuum 

furnace to avoid the adverse effects of oxidation. After insertion of samples into the furnace , argon gas 

was used inside the chamber and pressure was decreased to 10-3 mbar using the vacuum apparatus. Fig. 

3.1. Indicates the vacuum furnace used for solution treatment procedure. Samples were removed from the 
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chamber after 2 hours and were quenched in water to preserve the attained structure. After solution 

treatment process, it is expected that a uniform microstructure is obtained.   

 
 

Fig. 3.1.  Vaccum furnace used for heat treatment process 

3.2.2. Warm rolling 

Thermo-mechanical process is conducted to develop a stable structure with fine grains. A systematic 

rolling schedule is developed for the samples. The rolling was performed at 300℃. The samples for rolling 

were heated inside a furnace for 10 minutes and then were rolled. The samples were quenched in the water 

to preserve the obtained structure. The same procedure was repeated at every pass of rolling. The initial 

slabs of rolling had the thickness of 4 mm while the final rolled sample’s thickness was 2 mm. In every 

pass, 5 percent total reduction in thickness was achieved. More reduction was not possible to perform due 

to the formation of edge cracks in later stages of rolling as shown in Fig. 3.2.  

 

Fig. 3.2. Formation of edge crack in later stages of rolling 
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The material was deformed by unidirectional rolling in all passes. Total reduction in thickness of 50% 

was achieved for the rolled samples. As the rollers were not heated, preheating of samples at every pass 

was necessary. Rolling was conducted with speed of 0.17 ms-1 with rollers made of hardened as shown in 

Fig. 3.3. Sample gathering was done for investigation of microstructural evolution after rolling as shown 

in Fig. 3.4. 

3.2.3. Annealing treatment 

As it will be reported in the upcoming sections, the rolled samples exhibited high strength while their 

ductility was decreased to 2%. In order to restore the formability of samples after rolling, annealing heat 

treatment was applied. Annealing was performed in the vacuum furnace at a temperature of 350℃ for 2 

hours. The samples were then quenched with water. The ductility of annealed samples was enhanced due 

to the formation of more equiaxed grain in the structure. This was in good agreement with the finding of 

previous literature [85, 86].   

 

Fig. 3.3. Rolling mill used in this study 
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Fig. 3.4. A schematic drawing showing a rolled sample and specimen gathered for metallography 

3.2.4. Age hardening methods 

Development of new precipitates is necessary for enhancing the mechanical strength. For this purpose, 

two methods of age hardening were applied. First conventional aging treatment inside the furnace was 

conducted. The effect of aging under stress was investigated and compared with static aging as well.  

3.2.4.1.Static aging 

The static aging process was performed in a vacuum furnace to eliminate the adverse effect of the 

oxidation during the process. Samples were then quenched in water in order to preserve the structure.  It is 

well established that the temperature and duration of the aging process can influence the size and density 

of precipitates in magnesium alloys [22, 87-89]. Based on the observations from previous works,  a 

systematic scheme was arranged for temperature and time of static aging [22, 87-89]. Static aging was 

performed at 120℃,180℃, and 240℃. The aging time was ranged from 6 to 72 hours. The summarized 

experiments prepared for the static aging samples is illustrated in Table 3.2. 

3.2.4.2.Stress aging 

In order to investigate the effect of load direction on the orientation of the formed precipitates, 

conduction of aging under stress is required. For this purpose, an apparatus was designed and manufactured 

to apply elastic tensile load during the heat treatment. The designed apparatus consists of vacuum room, 

vacuum pump, loading mechanisms, heating unit and sample grips as shown in Fig. 3.5. To measure the 

applied load exposed to the sample, a load cell is located at the top of the center mill joined to the sample’s 

grip. A vacuum pump is connected to the system to provide the vacuum condition during the process to 

avoid the effect of oxidation. For stress aging process, after the sample is loaded, the vacuum condition is 
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provided using the vacuum pump, and argon gas is injected into the chamber. Using temperature controlling 

system, the resistances is set to the desired value and the sample is heated using resistive heating. 

Table 3.2. Experiments for static aged samples 

No Condition Aging 

temperature (°C) 

Aging 

Duration (h) 

1 ST+rolled+annealed+aged 120 6 

2 ST+rolled+annealed+aged 120 12 

3 ST+rolled+annealed+aged 120 24 

4 ST+rolled+annealed+aged 120 48 

5 ST+rolled+annealed+aged 120 72 

6 ST+rolled+annealed+aged 180 6 

7 ST+rolled+annealed+aged 180 12 

8 ST+rolled+annealed+aged 180 24 

9 ST+rolled+annealed+aged 180 48 

10 ST+rolled+annealed+aged 180 72 

11 ST+rolled+annealed+aged 240 6 

12 ST+rolled+annealed+aged 240 12 

13 ST+rolled+annealed+aged 240 24 

14 ST+rolled+annealed+aged 240 48 

15 ST+rolled+annealed+aged 240 72 

It is necessary to determine the loading level for stress aging along with setting the duration and 

temperature values. Elastic stress values of 25, 50 and 100 MPa were selected in this study. Aging 

temperatures of 120℃ and 180℃ were chosen and aging duration of 1 to 24 hours was selected. The 

experiments for the stress aged samples in summarized in Table 3.2. The limitations for selection of stress 

aging parameters is discussed. Visually it was observed that samples stress aged at 100 MPa for higher than 

6 hours were fractured from the grip zone. 

Previous literature suggests at that stress aging would be done in the elastic zone [90, 91]. Hence, the 

effect of applied stress was examined at lower stress values of 25 and 50 MPa based on the resullts obtained 

for mechanical testing at 100℃ and 200℃ . As it will be shown in the mechanical properties 

characterization section, the first trial at stress aging value of 50 MPa and aging time of 3 hours showed 
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better mechanical values relative to the 100 MPa stress aged ones. Hence, the applied loads of 50 and 25 

MPa were pursued for further investigation of the effect of applied stress. The aging times of samples were 

selected step by step based on the comparative study in which the future aging time was selected based on 

the mechanical property trends. To select the parameters for stress aging, there is a critical lack of literature 

for stress aging of ZK60 alloy. There have been few research works on the effect of stress aging for Al-Zn-

Mg and Al-Cu-Mg-Ag alloys [10]. However, the parameter selection is entirely dependent on the yield 

strength (YS) of material under investigation. Mechanical properties of the sample after rolling and 

annealing  was investigated at 100℃ and 200℃ to identify the yield strength.  

 

Fig. 3.5. Fabricated stress aging apparatus 

For samples stress aged at 50 MPa at the aging temperature of 180℃, the effect of time was investigated 

for 1, 3,6,12, and 24 hours. For samples stress aged at 50 MPa at temperature of 120℃, the aging time of 

1, 3, 6, and 12 hours were selected. Further investigation of time was stopped at 12h since the ultimate 

tensile strength (UTS) and elongation values were decreasing for samples by increasing the time up to 12h. 

For the samples stress aged at 25 MPa and 120℃, the effect of time was investigated at 3,6 and 12h. Finally, 

the effect of aging time for samples stress aged at 25 MPa and 180℃ were investigated at the aging times 
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of 3, 6,  and 12 hours as similar to the 25Map and 120℃ condition. The experiments for stress aged samples 

is summarized in Table 3.3.  

Table 3.3. Experiment for the stress aged samples 

NO Condition Applied stress (MPa) Aging temperature (C) Aging time (h) 

1 ST+rolled+annealed+aged 25 120 3 

2 ST+rolled+annealed+aged 25 120 6 

3 ST+rolled+annealed+aged 25 120 12 

4 ST+rolled+annealed+aged 25 180 3 

5 ST+rolled+annealed+aged 25 180 6 

6 ST+rolled+annealed+aged 25 180 12 

7 ST+rolled+annealed+aged 50 120 1 

8 ST+rolled+annealed+aged 50 120 3 

9 ST+rolled+annealed+aged 50 120 6 

10 ST+rolled+annealed+aged 50 120 12 

11 ST+rolled+annealed+aged 50 180 1 

12 ST+rolled+annealed+aged 50 180 3 

13 ST+rolled+annealed+aged 50 180 6 

14 ST+rolled+annealed+aged 50 180 12 

15 ST+rolled+annealed+aged 50 180 24 

16 ST+rolled+annealed+aged 100 180 3 

17 ST+rolled+annealed+aged 100 180 6 

 

3.3. Microstructure Evaluation methods 

3.3.1. Optical microscopy 

Samples were cut down into dimensions of 10× 10 ×10 mm using a cutting machine in which silicon 

carbide disk was applied for rotation at cutting speed of 200 rpm. The samples for rolled slabs were chosen 

from the center of the rolled surface to eliminate the effect of edge cracks. Samples were then cold mounted 

using epoxy and hardener to handle the sample during mounting operation. Mounted samples of the alloy 

are presented in Fig. 3.6.  

Conventional metallographic preparation method was used. Samples were ground with 500,800, 1200 

and 2500 grits SiC papers. The water based lubricant was used to decrease the friction. Cloths of 3 and 1 

µm were used for polishing by diamond suspension. During polishing with 1 µm clothes, ethanol based 

lubricant was used to prevent surface scratching and particle surrounding into the magnesium matrix. 
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Ground and polished samples were rinsed in ethanol and water after the operation. Samples were then 

etched in a solution of 5 gr picric acid, 10 ml acetic acid, 70 ml ethanol and 10 ml distilled water for 20 

seconds to reveal grain boundaries.  An optical microscope attached to the camera was utilized to reveal 

the grains in different magnifications.  

 

Fig.3.6. Cold mounted samples of Zk60 

3.3.2. Scanning Electron Microscopy (SEM)  

In order to reveal the concentration of alloying elements and sub-grains in the structure, Zeiss scanning 

electron microscopy (SEM) was applied. The samples for SEM were ground and polished as previously 

mentioned for the OM samples. The last grinding paper of #2500 was performed using the ethanol lubricant 

without water to restrict the oxidation. The samples were etched with the optical microscopy solution as 

mentioned in Section 3.3.1. Before SEM characterization, samples were rinsed with a plasma cleaner at the 

final step. SEM was performed in high magnifications to recognize the precipitates in micro-size. For 

energy dispersive X-Ray (EDX) analysis, a Field Emission Gun Scattering Electron Detector (FEGSEM) 

was used. Back-scattered electron detector (BSE) was applied to capture images in high magnifications.  

BSE was conducted at 15 kV accelerating voltage.  

3.3.3. Transmission Electron Microscopy (TEM) 

The samples were mechanically ground and polished down to 100µm. Prepared foils were then twin jet 

electro-polished using a solution of 60% methyl alcohol (CH3OH), 30% glycerin (C3H8O3), and 10% nitric 
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acid (HNO3) and then ion milled. Twin jet electro-polishing was conducted at 4 kV, and a tilting angle of 

6° was used for ion milling.A JEOL 2010 microscope was used with an accelerating voltage of 200kV for 

imaging microscopic features and identifying the precipitates.  

3.4. Crystallographic Texture measurement 

3.4.1. X-Ray Diffraction 

Samples for X- Ray diffraction (XRD) are ground,  polished and then located on a tilting stage termed 

as goniometer. The dimension of samples for XRD are selected as 10×10×1mm which is a reliable area for 

measurements. The exact position of the peaks is firstly measured, then the location of the source and 

detector is changed from one single set of planes to an individual pole. The sample is tilted between 0 to 

85° to reflect the measurements. This reflection is made to get the concentration of a single pole in various 

directions. The oscillation of sample may involve a large area of near 1 cm2 to capture a  broad scan [92]. 

Fig. 3.7 illustrates the schematic drawing of the XRD setup.  

 

Fig. 3.7. Schematic drawing of  XRD apparatus [92] 

XRD is mainly used for macro-texture analysis in a broad range of sample oscillation. In this method, 

sample preparation is easy and measurement is performed relatively quickly. Since the samples are tilted 

85°, information for remaining 5°of the pole is not available and needs to be calculated using the developed 

models. Moreover, XRD is not a suitable method for microtexture analysis where orientation in a micro-
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scale area is required. Hence, the orientation of single grain and disorientation of adjacent grains can not 

be measured using this method.  

3.4.2. Electron Backscattered Diffraction (EBSD) 

The sample was located on a stage connected to a BSE detector equipped with a  focused ion beam (FIB) 

apparatus and was tilted 70° from the horizontal direction. The backscattered electrons are captured on a 

phosphor screen using an electron backscattered diffraction (EBSD) camera. A measured background over 

broad area is subtracted from the observed backscatter pattern and Kikuchi patterns are captured. The 

ATOM software is used to analyze the Kikuchi bands to determine the crystal orientation in terms of Euler 

angles 𝜑1, 𝜙 and 𝜑2 [93, 94]. A schematic design of the EBSD is shown in Fig. 3.8.  

 

 

Fig. 3.8. Formation of Kikuchi bands on the phosphor screen used in an EBSD system [94] 

It is necessary to calibrate the distance between the sample to the screen, sample tilt angle, specimen 

height and working distance in the camera. Tilting sample is needed to optimize the path length and to 

improve the pattern contrast. However tilting angle for more than 80°   leads to distortion of the image. An 

angle near 70° is suitable to enhance both contrast and volume anisotropy of the sample. 
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EBSD gives helpful information about the misorientation between grain and grain boundary character 

distribution. In fine grained materials, utilization of EBSD can contribute to better understanding of the 

evolution of structure since the microstructure develops from dislocation cell boundaries [95]. Additionally, 

complete pole figures can be gained from a Kikuchi pattern to calculate the full orientation of a crystal. 

Since rolled materials have a high density of dislocations, it is a challenging effort to utilize EBSD 

characterization. For magnesium alloys due to high oxidation rate, it is hard to prepare EBSD samples 

using conventional metallographic preparation methods. Hence, FIB appratus connected to a Zeiss 

scanning electron microscope was applied to prepare samples for EBSD. 

3.5. Mechanical testing  

3.5.1. Hardness measurement 

Samples for hardness tests were prepared based on the ASTM-E4 standard for hardness [96]. The 

samples were ground up to 2500 grits and then polished using the 1µm diamond suspension. Vickers 

microhardness test with intervals of 1 mm was performed using  1000 gf for 15 seconds. In order to assure 

the repeatability and accuracy of the results, five hardness tests were performed on every condition. The 

reported values for the hardness results are the mean value of obtained five points.   

3.5.2. Uniaxial low temperature tensile tests 

In order to investigate the temperature dependent deformation behavior of processed samples, low-

temperature tensile tests were conducted. The tensile samples were electro-discharge machined with a 

gauge length of 15 mm. The samples were prepared in a direction in which extension direction was parallel 

to the rolling direction. Samples were ground and polished before tests in order to eliminate the adverse 

effect of scratches, and residual stressed formed during electro-discharge machining (EDM). Tensile tests 

were conducted at a strain rate of  10-3 s-1 at ambient temperature, -20°C and -60°C. All samples were 

cooled down to the deformation temperature and then deformed in a single loading stage. An Instron 

mechanical testing frame equipped with an environmental chamber was used. The specimen temperature 
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was measured using K-type thermocouples during deformation. The displacement of the samples were 

recorded using an extensometer.  

In order to diagnose the elastic modulus of rolled samples for stress aging, high temperature tests were 

performed at temperatures of 100°C and 200°C. High temperature tensile tests were performed in the same 

mechanical testing frame as shown in Fig. 3.9. In order to assure the repeatability and accuracy of the 

results, three tensile tests were performed on every condition.   

 
Fig. 3.9. high temperature set up [97] 
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Chapter 4  

EFFECT OF ROLLING AND AGING PROCESSES ON THE MICROSTRUCTURE 

EVOLUTION OF ZK60 MAGNESIUM ALLOY 

4.1. Optical microscopy characterization 

4.1.1. Microstructure of solution treated sample (T4) 

Fig. 4.1a and 4.1.b indicates the microstructure of solution treated (T4 condition) samples in two 

different regions. Coarse and equiaxed grains are apparent in both figures. Average grain size of 80µm was 

measured.  It is hard to observe particles in micro-scale in solution treated samples due to the high amount 

of solubility of them into the matrix during the treatment. On the other hand, the twinning effect is hard to 

catch in T4,  as it is shown in Fig. 4.1a and 4.1.b.  

 

Fig. 4.1. Microstructure of solution treated sample in two different zones 

4.1.3. Microstructure of solution treated and artificially aged samples (T6) 

Fig. 4.2 indicates the microstructure of solution treated and subsequently artificially aged samples in 

two different zones at a temperature of 180℃ for 24 hours. As shown in Fig. 4.2, the grain size is relatively 

finer than solution treated sample (70µm) while the twinning is apparent in the microstructure of Fig. 4.2a. 

It is well known that twinning contributes to the deformation at ambient temperature due to limited slipping 

systems in magnesium alloys.  
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Fig. 4.2. Microstructure of solution treated and subsequently aged samples in 180℃ for 24 hours 

4.1.4. Microstructure of rolled and annealed samples 

Fig. 4.3a indicates the microstructure of solution treated and rolled samples while Fig.4.3b illustrates 

the microstructure for solution treated, rolled and annealed sample. The rolled sample have fine grains with 

average grain size of 6µm and high density of twinnings while for an annealed samples more stable 

structure with grain size of 25µm is observed.  It is shown that the annealing can uniformly reduce the size 

of the grains which as described in the previous literature can increase the ductility value. Static 

recrystallization during the annealing process leads to more uniform and equiaxed grain distribution in the 

structure [60, 85]. For the rolled sample shear bands with high density and twinning effect are evident. In 

shear bands area, grain recrystallization is achieved with further processes such as aging and annealing.   

 

Fig. 4.3. Microstructure of (a) solution treated and rolled (b) solution treated, rolled and annealed sample 
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4.1.5. Microstructure of static aged samples 

Microstructure of the static aged samples at various aging duration and temperatures are investigated as 

well. At the upcoming figures rolling and traverse directions (RD and TD) are marked. Aging temperature 

has no significant effect on grain size and structure uniformity. It is previously stated that the effect of 

aging treatment is trivial on the grain size change of the magnesium alloys [98]. On the other hand, the 

effect of aging treatment on the nucleation of precipitates and their distribution in the structure needs to be 

investigated. Using the optical microscope, the observation of the precipitates was not possible since the 

size of precipitates for the ZK60 alloy is in nanoscale and near 50 nm, which is observable only with the 

transmission electron microscope (TEM). Fig. 4.4 shows the microstructure of rolled, annealed and then 

statically aged samples at a temperature of 120℃. Aging time ranging from 6 to 72 hours was applied. The 

microstructure is relatively equiaxed with fine grains uniformly distributed with an average grain size of 

12µm. Symptoms of shear bands are evident for samples aged for 24 hours as shown in Fig. 4.4c.  

Fig. 4.5 Shows the microstructure of static aged samples at the temperature of 180℃. The aging time is 

ranging from 6 hours to 72 hours. By increasing the aging time from 6 hours to 24 hours more uniform and 

equiaxed grain are observed. For the aging time of 24 hours, shear bands along the rolling direction are 

observed with uniform grains distribution. Observation of uniform grains for rolled and aged samples of 

magnesium alloys is hard due to the high density of shear bands impeding the observation of dynamic 

recrystallized grains [99-101]. The average grain size of the samples aged at 180℃ is 20µm. Grain 

refinement as a common phenomenon for the rolled sample is evident at all aging durations.  

Fig. 4.6 shows the microstructure of static aged samples at the temperature of 240℃. The aging time is 

ranging from 6 hours to 72 hours. Relative to the samples aged at 120℃ and 180℃, the grains of 240℃ 

static aged samples are coarser, and the uniformity of grains is decreased due to the high amount of heat 

input exposed to the structure. Shear bands start to reveal at the aging duration of 12 hours, and the shear 

bands density gets to its highest at the aging time of 48h. The average grain size of sample aged at 240℃ 
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for duration of 12 hours is 35µm. However, coarse grains are observed at the aging duration of 48 hours. 

The average grain size for samples with duration of 72 hours is 42µm. 

 

Fig. 4.4. Microstructure of samples aged at 120℃ for aging times of (a) 6h (b)12h (c) 24h (d) 48h (e) 72h 

Temperature can easily cause recrystallization of grains at specified temperature while the aging time 

can limitedly influence the grain refinement and as a more efficient method can accelerate the formation 

and distribution of precipitates [69, 102, 103].  
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Fig. 4.5. Microstructure of samples aged at 180℃ for aging times of (a) 6h (b)12h (c) 24h (d) 48h (e)  

72h 

4.1.6. Microstructure of stress aged samples 

The effect of aging time and the temperature is characterized for the stress aged samples at various 

applied stresses. The effect of amount of load on the microstructure of samples is investigated as well. Fig. 

4.7 is presented to compare the microstructure of samples stress aged at applied loads of 25, 50 and 100 

MPa. The average grain size of the sample stress aged at 25 MPa is 30µm. It can be seen that by increasing 

the amount of applied load the grain size decreases. Fully refined grains are observed for the sample stress 

aged at 100 MPa with average grain size of 20µm. Dynamic recrystallization is expected to occur during 

the stress aging, which can be the main reason for grain refinement at high loads [63, 104]. However, 
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recrystallization is also affected by the temperature of aging and its duration [105]. Hence, the effect of 

aging temperature and aging duration needs to be investigated for the stress aged samples.  

 

Fig. 4.6. Microstructure of samples aged at 240℃ for aging times of (a) 6h (b)12h (c) 24h (d) 48h (e) 72h 

The effect of aging time for applied load of 100 MPa (Fig. 4.7) was examined only for samples stress 

aged at temperature of 180℃ due to the failure of samples for more than 6 hours. No obvious change in 

shear band density is observed by changing the aging duration from 3 to 6 hours. However, grain size has 

decreased from 25µm to 15µm by increasing the aging time from 3 to 6 hours due to the dynamic 

recrystallization of grains. 

Fig. 4.9 shows the microstructure of samples stress aged under the stress value of 50 MPa and aging 

temperature of 120℃ at the different aging duration of 1, 3, 6 and 12 hours. For sample aged for one hour, 
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shear bands along with the elongated equiaxed grains are observed. At the aging time of 3 hours, the density 

of shear bands increases to the maximum value and the dynamic recrystallization of grains is hardly 

observable due to the high density of bands. This high density of shear bands can be the main reason for 

improved mechanical properties of samples aged at 50 MPa, 120℃ for 3 hours as it will be discussed in 

upcoming section. The existence of the shear bands can act as new nucleation sites during the static 

recrystallization, and this can lead to grain refinement and increase the mechanical properties of stress aged 

samples [106]. Dynamic recrystallization is observed for samples aged for 6 and 12 hours. Coarse grains 

with size of 46µm are observed at high duration of 72 hours. According to the results of Fig. 4.9, the effects 

of subsequent rolling and stress aging on the microstructure of the samples is improving grain size 

distribution and microstructural homogeneity. 

 

Fig. 4.7. Effect of applied load on the microstructure of stress aged samples (a) rolled- annealed samples 

(b) DA at applied load of 25 MPa (c) 50MPa (d) 100 MPa 
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Fig. 4.8 Effect of aging time on the microstructure of samples under applied stress of 100 MPa and aged at 

180℃ for period of (a) 3h  (b) 6 h 

 

Fig. 4.9. Effect of aging time on the microstructure of samples under applied stress of 50 MPa and aged at 

120℃ for period of (a) 1h  (b) 3h  (c) 6h (d) 12h 

Fig. 4.10 shows the microstructure of samples stress aged under the stress value of 50 MPa and aging 

temperature of 180℃ at the various aging duration of 1, 3, 6 and 12 and 24 hours. For samples aged for 1 

to 6 hours, the grain size is coarser relative to the sample aged under 120℃ due to higher temperature 

leading to higher heat input. While for sampled stress aged for 6 hours the grain size is 30µm, the grain 

size decreases to the 15µm for sample stress aged for 12 hours. Grain refinement is observed for samples 
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aged for duration of 12 hours as seen in Fig. 4.10d.  For samples aged at 50 MPa and 180℃, it is hard to 

recognize the existence of shear bands. 

 

Fig. 4.10. Effect of aging time on the microstructure of samples under applied stress of 50MPa and aged at 

180℃ for period of (a) 1h (b) 3h (c) 6h (d) 12h (e) 24 h 
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Fig. 4.11. Effect of aging time on the microstructure of samples under applied stress of 25 MPa and aged 

at 120℃ for period of (a) 3h  (b) 6h  (c) 12h  

 

Fig. 4.12. Effect of aging time on the microstructure of samples under applied stress of 25 MPa and aged 

at 180℃ for period of (a) 3h  (b) 6h  (c) 12h 
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The microstructure of samples stress aged at 25 MPa is also investigated. Fig. 4.11 shows the 

microstructure of samples stress aged under the stress value of 25 MPa and aging temperature of 120℃ at 

the various aging duration of 3, 6 and 12 hours. It is indicated that by increasing the aging time up to 12 

hours more stable structure is achieved. The grain size of sample aged for 12 hours is higher than the 3 and 

6 hours counterparts which indicate the excessive exposure to the dynamic recrystallization. The average 

grain size for duration of 3 hours is10µm while for samples stress aged for duration of 6 and 12 hours grain 

size increases to 11 µm and 18 µm, respectively.  

Table 4.1. Average grain size results of samples 

Condition 

Average 

grain size 

(µm) 

Solution treated 80 

Static aged-180℃-24h 70 

Solution treated-Rolled 6 

Solution treated-Rolled-Annealed 25 

STAA-120℃-6h 13 

STAA-120℃-12h 14 

STAA-120℃-24h 12 

STAA-120℃-48h 11 

STAA-120℃-72h 14 

STAA-180℃-6h 18 

STAA-180℃-12h 19 

STAA-180℃-24h 20 

STAA-180℃-48h 22 

STAA-240℃-6h 32 

STAA-240℃-12h 35 

STAA-240℃-24h 37 

STAA-240℃-48h 38 

STAA-240℃-72h 42 

STRA-180℃-6h-100 MPa 15 

STRA-180℃-3h-100 MPa 25 

STRA-120℃-3h-25 MPa 10 

STRA-120℃-6h-25 MPa 11 

STRA-120℃-12h-25 MPa 18 

STRA-180℃-3h-25 MPa 31 

STRA-180℃-6h-25 MPa 22 

STRA-180℃-12h-25 MPa 26 

STRA-120℃-1h-50 MPa 43 

STRA-120℃-3h-50 MPa 44 

STRA-120℃-6h-50 MPa 45 

STRA-120℃-12h-50 MPa 46 

STRA-180℃-1h-50 MPa 29 

STRA-180℃-3h-50 MPa 26 

STRA-180℃-6h-50 MPa 30 

STRA-180℃-12h-50 MPa 15 

STRA-180℃-24h-50 MPa 19 
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Fig. 4. 12 shows the microstructure of samples stress aged under the stress value of 25 MPa and aging 

temperature of 180℃ at the aging duration of 3, 6 and 12 hours. Sample aged for 3 hours shows a uniform 

structure with no shear band, as the time of aging increases to the 12 hours crystallized grains are observed. 

Table 4.1. summarizes the average grain size results of all measured samples. 

4.2. Scanning Electron Microscopy 

Fig. 4.13 shows the SEM figure for the solution treated sample of ZK60. The composition of current 

slab contains magnesium matrix, and it is anticipated that significant amount of Mg-Zn and Zn-Zr 

precipitates would exist in this material. It is well established that due to aging process, wrought ZK60 

alloy possesses high amount of MgZn2 precipitates [107, 108]. Recognizing the existence of Zn-Zr particle 

is hard to be done using SEM analysis and TEM is required due to the nano-scale origin and distribution 

of Zn-Zr precipitates in the matrix [85, 108, 109]. However, previous works indicate that large particles of 

MgZn2 may be observed using SEM [110]. Elemental mapping is used to characterize the intensity of every 

element to distinguish the existing particles. Solution treatment will lead to disappearing of Zn-Zr particles. 

However; bulk MgZn phases might remain in the solution treated ZK60 alloy. Hence, it is anticipated that 

MgZn phase exists in the matrix even in low density [67].  

Fig 4.13 indicates the SEM micrograph for the solution treated, rolled and then statically aged sample 

at 180℃ for 24 hours. It is well known that rolling would help the nucleation of precipitates and the further 

aging process can lead to a more uniform distribution of precipitates along with their refinement.  As shown 

in Fig. 4.14b and 4.14.c, higher concentration of Zn and Zr are evident. The high intensity of Zn in Fig. 

4.14b can give symptoms about the formation Mg-Zn phase at these regions. 

  4.3. Transmission Electron Microscopy (TEM) 

4.3.1. TEM Micrograph of the solution treated sample  

The TEM micrograph of the solution treated sample is shown in Fig. 4.15. The corresponding diffraction 

pattern is added at the corner of the figure. A limited number of precipitates are demonstrated in the 
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micrograph of the solution treated sample as expected. Diffraction pattern for the zone shows a matrix 

while there is no visible precipitate on the diffraction pattern. It is clear that the solution treated sample has 

few precipitates relative to the processed sample due to disolving of the precipitates inside the matrix.  

 
Fig. 4.13. (a) SEM micrograph of as solution treated sample (b) Zn concentration distribution in the ST 

condition (c) Zr concentration distribution in the ST condition (d) elemental mapping of the as ST sample. 

 

Fig. 4.14. (a) SEM micrograph of rolled and statically aged sample in 180℃ for 24h (b) Zn concentration 

distribution (c) Zr concentration distribution (d) elemental mapping of the sample. 
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Fig. 4.15. TEM micrograph and diffraction pattern of ST sample 

4.3.2. TEM Micrograph of the static aged sample  

The TEM micrograph and diffraction pattern of the rolled and static aged sample is shown in Fig. 4.16. 

Fine precipitates with more uniform distribution and density are observed for the static aged sample. It is 

observed that static aging process has led to the formation of more precipitates in good distribution in the 

matrix. Signs of precipitates are clear in the diffraction pattern of the static aged samples.  

 
Fig. 4. 16. TEM micrograph and diffraction pattern of rolled and static aged sample 
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4.3.3. TEM Micrograph of stress aged samples  

The TEM micrograph and diffraction pattern of the rolled and stress aged sample are shown in Fig. 4.17. 

During the stress aging, localization of stress can occur due to extension of the sample. High density of 

precipitates with small size and uniform distribution can be seen for the stress aged sample. The high 

density of precipitates along with their smaller size contributes to the hardening of this microstructure. It is 

expected for the stress aged samples to have precipitates oriented along the extension direction. Precipitate 

indexing is needed to demonstrate the misorientation of the precipitates along the corresponding plane. It 

is estimated that for ZK60 alloy two types of precipitates (�́�1 and �́�2 ) with different shapes and orientation 

habit planes may form during the aging process. �́�1  forms in the shape of rods with axis being parallel to 

the (0002) direction of matrix. �́�2  is formed in the shape of disks lying on the basal plane. The difference 

between these two types can be distinguished if a fovored plane is recognized. At the early stage of aging 

�́�2  precipitates are active while later �́�1 ones are involved [111]. Morphology of exisiting precipitates in 

the ZK60 alloy is shown in Fig. 4.18. Previous studies revealed that shape and amount of precipitates is 

dependent to the aging time and temperature [22, 112]. Hence, it can be estimated that an optimized value 

can be found for aging temperature and duration in which high density of fine precipitaes would form. 

Based on the observations, it is clear that stress aging supports the formation of precipitates.  
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Fig. 4.17. TEM micrograph and diffraction pattern of rolled and stress 

aged sample 

 

 

Fig. 4.18. Schematic illustration of the morphologies of precipitates [22] 
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Chapter 5  

EFFECT OF ROLLING AND AGING PROCESSES ON THE MECHANICAL PROPERTIES OF 

ZK60 MAGNESIUM ALLOY 

 

5.1. Hardness Results 

 

The hardness results for static and stress aged samples are summarized in Table 5.1 and 5.2. It is evident 

that hardness of processed samples is higher than solution treated material in all conditions. The hardness 

of the ST is 48 while the statically aged one is 65 in the best condition and 66 for stress aged sample in the 

best condition. 

For static aged samples, the hardness results are higher in aging temperature of 180℃, while at 120℃ 

and 240℃, the maximum hardness value decreases to 53. The same trend is observed for the stress aged 

samples, and in temperature of 120℃ and applied stress of 50 MPa, hardness is the highest. However, the 

resolution of the hardness results was not in a manner to investigate the effect of aging time of every 

temperature, since the results were very near to each other in any temperature. It is reported that the aging 

enhances the hardness properties of processed samples. Meanwhile, high hardness is reported for the rolled 

samples of ZK60 [25, 113, 114]. Formation of precipitates along with nucleation of new grains increases 

the hardness response of ZK60 alloy [115].  

Table 5.1. Hardness results of static aged samples 

No condition 

Aging 

Temperature 

(C) 

Aging 

Duration (h) 
Hardness (Hv) 

1 ST RT 0 63 

2 ST-Rolled-Annealed-Aged 120 6 65 

3 ST-Rolled-Annealed-Aged 120 12 65 

4 ST-Rolled-Annealed-Aged 120 24 68 

5 ST-Rolled-Annealed-Aged 120 48 67 

6 ST-Rolled-Annealed-Aged 120 72 68 

7 ST-Rolled-Annealed-Aged 180 6 78 

8 ST-Rolled-Annealed-Aged 180 12 79 



68 

 

9 ST-Rolled-Annealed-Aged 180 24 80 

10 ST-Rolled-Annealed-Aged 180 48 80 

11 ST-Rolled-Annealed-Aged 180 72 75 

12 ST-Rolled-Annealed-Aged 240 6 66 

13 ST-Rolled-Annealed-Aged 240 12 67 

14 ST-Rolled-Annealed-Aged 240 24 67 

15 ST-Rolled-Annealed-Aged 240 48 66 

16 ST-Rolled-Annealed-Aged 240 72 65 

 

Table 5.2. Hardness results of stress aged samples 

 

No Condition 
Applied stress 

(MPa) 

Aging 

Temperature 

(C) 

Aging 

Duration (h) 

Hardness 

Results (Hv) 

1 ST 0 RT 0 63 

2 ST-Rolled-Annealed-Aged 100 180 3 64 

3 ST-Rolled-Annealed-Aged 100 180 6 65 

4 ST-Rolled-Annealed-Aged 25 120 3 77 

5 ST-Rolled-Annealed-Aged 25 120 6 76 

6 ST-Rolled-Annealed-Aged 25 120 12 75 

7 ST-Rolled-Annealed-Aged 25 180 3 76 

8 ST-Rolled-Annealed-Aged 25 180 6 75 

9 ST-Rolled-Annealed-Aged 25 180 12 76 

10 ST-Rolled-Annealed-Aged 50 120 1 78 

11 ST-Rolled-Annealed-Aged 50 120 3 82 

12 ST-Rolled-Annealed-Aged 50 120 6 80 

13 ST-Rolled-Annealed-Aged 50 120 12 82 

14 ST-Rolled-Annealed-Aged 50 180 1 79 

15 ST-Rolled-Annealed-Aged 50 180 3 69 

16 ST-Rolled-Annealed-Aged 50 180 6 71 

17 ST-Rolled-Annealed-Aged 50 180 12 71 

18 ST-Rolled-Annealed-Aged 50 180 24 69 

 



69 

 

5.2. Uniaxial Tensile Properties of Processed samples 

5.2.1. Tensile properties of static aged samples 

Tensile properties of the solution treated (ST) sample is shown in Fig. 5.1. The ultimate tensile strength  

(UTS) of solution treated sample is 255 MPa while the strain to failure is 11%. The observed behavior has 

good agreements with the previous literature. Chen at al. and He et al. [22, 89] reported that the tensile 

strength of solution treated ZK60 alloy is 273 MPa.  

 

Fig. 5.1. Stress-strain curve for the solution treated sample at 500℃ and 2 hours 

Effect of annealing heat treatment on the tensile properties of processed samples is investigated. The 

temperature of 350℃ and 400℃ are analyzed to find the best condition for the annealing treatments after 

rolling. As it is seen in Fig. 5.2, sample annealed at 350℃ for 2 hours has better ductility and strength 

response. However, the tensile strength of sample annealed at 350℃ for 20 minutes is nearly the same 

while the ductility is much lower. Since the aim of annealing is to recover the formability of rolled sheets, 

the condition with the highest amount of ductility recovery is chosen as the annealing parameter for the 

upcoming samples. 
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Fig. 5.2. The effect of annealing treatment on the tensile behavior of solution treated and rolled samples 

The static aging investigations have been performed at temperatures of 120℃, 180℃, and 240℃ for 

aging durations ranging from 6 to 72 hours. The tensile tests for the static aged samples are performed 

parallel to the rolling direction. Fig. 5.3 shows the tensile results for the samples aged at 120℃. At the 

aging temperature of 120℃ and aging duration of 24 hours, best tensile strength with high ductility is 

achieved. Fig. 5.4 shows the tensile results for the samples aged at 180℃. The best tensile performance is 

observed for the sample aged for 24 hours. This sample has the elongation to failure of 25% and tensile 

strength of 305 MPa. For sample aged for 6 hours, tensile strength of 290 MPa and strain to the failure of 

20% are obtained. The elongation for the 12 hours aged sample decreases to 12%. Sample aged for 72 

hours exhibit low ductility and strength as well.  

The stress-strain curves for samples aged at 240℃ are illustrated in Fig. 5.5. The highest tensile strength 

is observed for the sample aged for 24 hours, while at higher aging durations, the elongations are nearly 

the same.   
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Fig. 5.3. Effect of aging duration on the tensile strength of aged samples at 120℃ 

Fig. 5.6 shows the tensile strength of samples versus the aging time at three different aging temperatures. 

It is clear that the tensile strength of samples aged at 180℃ is higher than those aged at 120℃ and 240℃. 

The highest strength is achieved at aging time ranging between 24 to 48 hours. The static aged sample’s 

micrograph of TEM presented in Chapter 4 is related to sample aged at 180℃ for 24 hours. As mentioned 

this sample has fine precipitates distributed along the matrix. Hence, It is possible to reach fine grains with 

good precipitate distribution in this condition. considering the elongation, the best condition for static aging 

is at a temperature of 180℃ and aging duration of 24 hours. 

 5.2.2. Tensile properties of stress aged samples 

Tensile properties of stress aged samples were characterized at different temperatures with different 

applied loads and aging durations. The mechanical behavior of stress aged samples was compared with the 

corresponding static aged counterparts.  
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Fig. 5.4. Effect of aging duration on the tensile strength of aged samples at 180℃ 

 

Fig. 5.5. Effect of aging duration on the tensile strength of aged samples at 240℃ 

In order to determine the aging stress, it is necessary to know the high temperature deformation behavior. 

The material before stress aging process is solution treated, rolled and then subsequently annealed. It is 

hard to find the mechanical properties of a sample in this condition in the literature. Hence, tensile 
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properties of the samples at the stress aging range of 100℃ to 200℃ is investigated. Hence the high 

temperature tests were conducted at these temperatures.   

 

Fig. 5.6. Strength of processed samples versus aging time at different aging temperatures 

The results of stress-strain curves for 100℃ and 200℃ and ambient temperature are illustrated in Fig. 

5.7. The YS of the sample at ambient temperature is near 170 MPa while at 100℃ it decreases to 150 MPa 

and for 200℃ to near 100 MPa. It is worth noting that no superplastic behavior was seen in these 

temperature ranges since the elongation was near 23% for the 200℃ and 27% for 200℃ samples. High 

superplasticity was observed for the previous or hardened sheets of ZK60 alloys [116]. Based on these 

results it was concluded that the applied stress should not exceed the 100 MPa for the samples.  

Fig. 5.8 shows the mechanical properties of stress aged samples under the load of 100 MPa. For sample 

stress aged for 3 hours, the UTS value is near 304 MPa, and the elongation is 7%. By increasing the aging 

time, the UTS decreases to the 285 MPa while the elongation increases to 12%. It is reported that the 

orientation of the precipitates can be favored based on the direction of applied load under the elastic stress 

regime [90]. Depending on the orientation of the precipitate habit plane with respect to the stress axis, 

precipitation may or may not be favored, thus leading to a preferentially oriented precipitate structure [117, 
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118]. It is noted that the samples stress aged at 100 MPa are deformed under the applied load and also may 

fracture from the grip zone at long aging durations. Stress localization at higher aging times (here at 6 

hours) may lead to a decrease in the strength of the sample while localized points can function to increase 

the elongation. However, stress aging is recommended to be performed in the elastic region. Hence, the 

applied load needs to be decreased to impede the formation of localized stress.   

 
Fig. 5.7. Tensile properties of solution treated rolled and annealed ZK60 samples at high temperature 

 

Fig. 5.8. Tensile properties of samples stress aged at 100 MPa 
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It was observed that the effect of stress aging with a value of 100 MPa resulted in UTS and elongation 

values that are nearly the same with those of static aged samples. On the other hand, stress aged samples 

were fractured from the grip regions for an aging time more than 6 hours since it can be assumed that under 

the stress of 100 MPa samples could not yield for more than 6 hours. Hence, the effect of stress aging was 

investigated under the stress values of 25 and 50 MPa to achieve improved tensile behavior. 

Fig. 5.9 illustrates the stress- strain curves for the stress aged samples stress aged at 25 MPa at a 

temperature of 180℃. Tensile strengths of the samples increase while increasing the aging time from 3 to 

12 hours. This shows that formation of fine precipitates needs more time for samples aged at 25 MPa. 

Tensile strength of this condition in overall is not satisfying and less than most cases in static aging 

condition. Hence further investigation of aging time in 180℃ would not be the case of interest [119]. On 

the other hand, the role of stress may be explained by elastic changes on the lattice dimensions of the matrix 

decreasing the coherency strains between matrix and precipitate, thereby favoring nucleation on certain 

planes [119, 120].  Previous works state that as the density of precipitates increases the tensile strength and 

elongation of the sample increases in the applied direction.   

 

Fig. 5.9. Effect of aging duration on tensile properties of samples stress aged at 180℃ and 25 MPa 
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Fig. 5.10. Effect of aging duration on tensile properties of samples stress aged at 120℃ and 25 MPa 

Fig.5.10 shows the tensile properties of samples stress aged at 120℃ and 25 MPa. It is clear that by 

increasing the aging time, tensile strength of the samples decrease while elongation to failure values remain 

nearly the same.  

Effect of stress aging under stress value of 50 MPa is discussed next. Fig. 5.11, illustrates the stress-

strain curves for the stress aged samples at 50 MPa and temperature of 120℃. By increasing the aging time 

to 3 hours, the tensile strength of the sample reaches to the maximum value. The best mechanical properties 

are achieved for stress aged sample at 120℃ for 3 hours under the applied stress of 50 MPa. This sample 

has a UTS of 352 MPa and an elongation of 13 percent.  By further increase of the aging time, tensile 

strengths of the samples decreased. However, mechanical performance of the samples in this condition is 

better than the other conditions.  The combination of applied stress and aging temperature as discussed, 

influences the mechanical properties by changing the density of precipitates. Precipitate hardening can 

effectively increase the yield and tensile strength. As observed at the TEM micrograph of stress aged 

sample, fine precipitates with good distribution are obtained after stress aging of sample. Hence, the high 

strength of this condition is attributed to the formation and distribution of precipitates.      
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Fig. 5.11.  Effect of aging duration on tensile properties of samples stress aged at 120℃ and 50 MPa 

Fig. 5.12 illustrates the stress-strain curves for the stress aged samples at 50 MPa and at a temperature 

of 180℃. The same trend as for the samples aged at 50 MPa, 120℃ is also observed here. By increasing 

the aging time, tensile strength is increased up to a maximum value of 321 MPa at 3 hours aging duration. 

Further aging decreases the tensile strength and ductility of stress aged samples, overall strength and 

ductility of the sample aged for 1 hour are better though.  

 

Fig. 5.12. Effect of aging duration on tensile properties of samples stress aged at 180℃ and 50 MPa 
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As a conclusion, the tensile behavior of all conditions are compared as shown in Fig. 5.13. The ST 

sample has the UTS value of 258 MPa and elongation of 11% which is a weak tensile performance. Rolled 

sample exhibited high tensile strength of 327 MPa, while the ductility is very low (1.8%). Annealing 

process improved the ductility of the rolled sample while a sudden decrease in tensile strength is observed 

dropping down to 270 MPa. For the sample static aged at the 180℃ for 24 hours, an improvement is 

observed for the UTS and elongation values to 304 MPa and 25%, respectively. Applying the stress aging 

process, UTS and elongation values of the sample are improved to 352 MPa and 12%, respectively.  

 

Fig. 5.13. Comparison of tensile properties of (a) ST (b) rolled (c) rolled and annealed (d)  best static aged 

sample (e) best stress aged sample 

Fig. 5.14 indicates the tensile properties of stress aged samples at a temperature of 120℃  and duration 

of 3 hours at two applied load values of 25 and 50 MPa. As discussed in Chapter 4, By increasing the 

applied load of stress aged samples, finer grains with more uniform structure are achieved. Finer grains can 

lead to better ductility response as shown in Fig. 5.12. During the static recrystallization, fine grain can be 

formed leading to better formability [121]. The sample, stress aged under the load of 50 MPa has better 

ductility than its 25 MPa counterpart. However, the UTS of sample aged at 50 MPa is 352 MPa and far 

better than the sample aged at 25 MPa.  
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Fig. 5.14. Effect of applied stress on the tensile response of the processed samples. 

5.2.3. Low temperature mechanical behavior 

The effect of temperature on the tensile properties is investigated in this section. Fig. 5.15 shows the 

tensile performance of the solution  treated sample at room temperature, -20℃  and -60℃. It is clear that 

by decreasing the testing temperature down to -60℃, the tensile strength is increased with a decrease in 

ductility. For static aged and solution treated samples higher elastic modulus is observed at -60℃  relative 

to ambient condition. The ductility of static aged samples drops dramatically by decreasing the temperature. 

The ductility of static aged sample at ambient temperature is 11% while it decreases to 3% for the sample 

tested at -60℃. For the stress aged sample, ductility of ambient temperature and the -20℃  sample are 

relatively the same, while for the -60℃  sample, the ductility decreases to 9%. Stress aged sample exhibits 

better mechanical strength at ambient temperature, while strength is nearly the same for samples aged at -

20℃ and -60℃. 
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Fig. 5.15. Effect of testing temperature on the tensile properties of solution treated sample 

It is observed that elastic modulus of solution treated and static aged sample increases significantly at 

low temperatures. The elastic modulus of solution treated sampe is 30 GPa , while by decreasing 

temperature to -20℃ , the elastic modulus increases to 98 GPa. However, for sample deformed at -60℃, 

the elastic modulus decreases to 67 GPa. For stress aged samples, the elastic modulus of samples at ambient 

and -20℃ is nearly the same (37 GPa) while the elastic modulus of sample deformed at -60 ℃ has increased 

to 125 GPa. Many materials experience a decrease in the elastic modulus at higher  temperature since it 

becomes easier to stretch the atomic bonds [122, 123]. For example, the temperature dependence of the 

elastic stiffness constants of metals is a well-known phenomenon. It is shown for aluminum alloy that by 

decreasing the temperature the elastic modulus increases due to difficult stretch of the atomic bonds [124, 

125].  
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Fig. 5.16. Effect of testing temperature on the tensile properties of static aged samples 

 

Fig. 5.17. Effect of testing temperature on the tensile properties of stress aged samples 

The mechanical behavior of the sample stress aged at the best condition is investigated at -20℃. Tensile 

strength of the sample is 342 MPa with the elongation of 17%. Mechanical properties of the stress aged 
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sample at -20℃ implies the high strength of the sample at low temperatures. The stress-strain curve for the 

stress aged sample at -60℃ also implies reasonable mechanical response of the sample. This sample 

exhibits good ductility of 10% along with a reasonable UTS of 332 MPa. Microstructure analysis reveals 

that the alloy deforms by slip and twinning at low temperatures while at high temperatures additional slip 

systems are activated leading to improved ductility. At room temperature, the decomposition of precipitates 

leads to a detrimental effect on the mechanical properties of the alloy [83]. 

Mechanical properties of solution treated and best condition samples are compared at -20℃  and -60℃  

as well. Fig. 5.18 compares the tensile properties of samples at -20℃. It is clear that the stress aged sample 

has better formability along with favorable strength relative to the static aged and solution treated samples. 

It can be inferred that the tensile properties of aged samples are improved significantly by thermo-

mechanical process relative to the solution treated sample. The same trend is shown for -60℃ condition, 

where the tensile strength of stress aged sample is improved and formability is twice that of the solution 

treated sample. Mechanical properties of processed samples are summarized in Table. 5.3. 

 
Fig. 5.18. Tensile behavior of solution treated, static aged best condition, and the stress aged best condition 

in -20℃ 



83 

 

 
Fig. 5.19.  Tensile behavior of solution treated, static aged best condition and the stress aged best 

condition in -60℃ 

Table. 5.3. Mechanical properties of developed samples 

Condition Yield 

Strength 

(MPa) 

UTS 

(MPa) 

Elongation 

(%) 

Solution treated 162.8 255.3 11.4 

Solution treated (-20℃) 187.2 251.6 5.1 

Solution treated (-60℃) 179.2 262.4 2.6 

Static aged-180℃-24h 225.2 254.3 9.3 

Solution treated-Rolled 268.4 327.5 1.8 

Solution treated-Rolled-Annealed(350C/2h)-Static aged-180℃-48h 184.5 306.9 13.7 

Solution treated-Rolled-Annealed(400C/20min)-Static aged- 180℃-48h 189.3 273.4 11.1 

Solution treated-Rolled-Annealed(350C/20min)- Static aged-180℃-48h 213.2 299.2 10.3 

STAA-120℃-6h 176.2 269.7 23.3 

STAA-120℃-12h 153.3 277.2 11.6 

STAA-120℃-24h 199.2 286 23.2 

STAA-120℃-48h 202.3 282.3 20.1 

STAA-120℃-72h 182.5 272.3 18.4 

STAA-180℃-6h 168.2 289.3 20.1 

STAA-180℃-12h 184.2 301.2 15.1 

STAA-180℃-24h-(-20℃) 210.1 305.7 9.2 

STAA-180℃-24h-(-60℃) 243.2 322.8 3.3 

STAA-180℃-24h 205.8 304.8 25.2 

STAA-180℃-48h 175.2 291.2 14.4 

STAA-240℃-6h 165.4 271.2 11.5 

STAA-240℃-12h 177.2 276.5 17.4 

STAA-240℃-24h 188.2 283.2 22.3 

STAA-240℃-48h 180.3 283 23.5 

STAA-240℃-72h 175.2 274.7 18.9 

Solution treated-Rolled-Annealed 158.3 275 30 

Solution treated-Rolled-Annealed-100℃ 155.4 202 25.9 
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Solution treated-Rolled-Annealed-200℃ 101.2 106.5 21.2 

STRA-180℃-6h-100 MPa 183.4 282.1 12.2 

STRA-180℃-3h-100 MPa 212.2 309.4 6.6 

STRA-120℃-3h-25 MPa  160.4 278.4 22.4 

STRA-120℃-6h-25 MPa 158.4 280.6 23.6 

STRA-120℃-12h-25 MPa 161.2 283.1 26.1 

STRA-180℃-3h-25 MPa 131.2 278.1 20.2 

STRA-180℃-6h-25 MPa 157.6 280.2 26.9 

STRA-180℃-12h-25 MPa 156.3 285.2 19.4 

STRA-120℃-1h-50 MPa 135.2 280.17 13.4 

STRA-120℃-3h-50 MPa 162.4 353.3 12.5 

STRA-120℃-3h-50 MPa-(-20℃) 158.1 333.7 13 

STRA-120℃-3h-50 MPa-(-60℃) 150.3 337.9 9.2 

STRA-120℃-6h-50 MPa 150.2 330.4 7.85 

STRA-120℃-12h-50 MPa 163.7 315.4 13.4 

STRA-180℃-1h-50 MPa 151.3 284.6 21.2 

STRA-180℃-3h-50 MPa 166.7 321.3 10.1 

STRA-180℃-6h-50 MPa 142.6 299.6 13.9 

STRA-180℃-12h-50 MPa 122.8 278.7 6.5 

STRA-180℃-24h-50 MPa 163.1 280.2 11.2 

*STTA represents the solution treated, rolled, annealed and static aged samples 

*STRA represents the solution treated, rolled, annealed and stress aged samples 

The SEM images of the fracture surfaces are illustrated in Fig. 5.20 for solution treated, static aged and 

stress aged conditions at ambient and -60℃ temperatures. The fracture surfaces are composed of several 

small dimples and few lamellar quasi-cleavage planes for solution treated samples at ambient temperature. 

Large cracked particles can be observed on the fracture surface of -60℃. It is reported that lamellar cleavage 

planes are formed due to the formation of coarse rod like precipitates of �́�1 that  lead to stress concentration 

at their interfaces with Mg matrix [126]. Solution treated samples as discussed in TEM characterization 

section have few coarse precipitates. Hence, formation of semi-cleavage planes is supported with 

precipitates formation as well [127]. Many small dimples with few cracked voids are observed for the static 

aged samples at ambient temperature deformation which is the characteristic of ductile fracture supporting 

high ductility of static aged sample. At -60℃ the number and size of voids are in line with lower formability 

of static aged sample. Dimples and voids are observed for the stress aged samples deformed at ambient 

temperature. Large void cracks propagated along the fracture zone is observed for the stress aged sample 

deformed at -60℃ while no dimples are observed. Formability of stress aged sample is better than static 

aged sample which can be attributed to the propagation of crack along the applied load direction [111]. 
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5.2.4.  The strengthening mechanism of formed precipitates under applied load  

It has been reported that the habit plane of �́�1 precipitates is prismatic plane of (101̅0) with  [0001]Mg 

growth direction [128]. Fig. 5.21 exhibits the schematic representations of �́�1 rod like precipitates and �́�2 

disk-shaped ones under the forces of different directions. When the basal planes of grains are perpendicular 

to the tensile direction, �́�1 precipitates can act as semi-fibers and strengthen Mg matrix greatly as shown in 

Fig. 5.21a. However, in Fig. 5.21b, when the basal planes of grains are parallel to the tensile direction, the 

interface between �́�1 precipitates and matrix bears more load, which will degrade the mechanical properties 

and with �́�1 rods coarsening, the adherence strength between �́�1 rods and matrix will degrade, which lowers 

the mechanical properties.  

 

Fig. 5.20. Fracture surface of samples after tensile tests (a) solution treated sample at ambient temperature 

and (b) -60℃, STAA-180℃-24 sample at (c) ambient temperature (d) -60℃ and STRA-120℃-3h-50 MPa 

sample at (e) ambient temperature (f) -60℃ 

For solution treated sample, few �́�1 precipitates were observed and mechanical properties are not 

influenced by precipitate orientation in general. For static and stress aged samples high density of 
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precipitates were observed. Therefore, the mechanical properties depend on the variation of the size of the  

�́�1 rods. 

 

Fig. 5.21. Schematic morphology representations of �́�1 and �́�2 precipitates [129]: (a) the basal plane 

perpendicular to and (b) parallel to the tensile direction 
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Chapter 6  

EFFECT OF ROLLING AND AGING PROCESSES ON THE TEXTURE OF ZK60 

MAGNESIUM ALLOY 

6.1. X-Ray Diffraction pattern analysis 

X-Ray diffraction (XRD) as a rapid analytical technique primarily used for phase identification of a 

crystalline material can provide information on unit cell dimensions. In the current work, XRD is used to 

investigate the existence of precipitates in the microstructure of samples. Phase analysis using XRD shows 

the presence of MgZn2 precipitates.  

XRD results indicate that the ST samples mainly consisted of α-Mg and MgZn2 phases as shown in Fig. 

6.1. For the ST sample, very low peaks are observed for the MgZn2 precipitates which indicates a good 

solution of precipitates inside the α-Mg phase. This means that an almost single phase solid solution is 

formed in ZK60-ST and good formability is obtained during rolling deformation.  As shown in Fig. 6.2, 

the XRD pattern of the rolled sample has higher peaks for MgZn2 precipitates which prove the nucleation 

of precipitates during the rolling process. It should be noted that precipitates consisting of Zn-Zr phases are 

hard to be detected with XRD due to the low amount of Zr in the alloy composition. 

 

Fig. 6.1. X-ray diffraction pattern of the ST sample. 
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Fig. 6.2. X-ray diffraction pattern of the rolled sample. 

Fig. 6.3 shows the XRD pattern for the solution treated sample and static aged at temperature of 180℃ 

for 24 hours. This sample is not rolled, and it is anticipated that the precipitate formation is limited. As it 

is clear in the figure, a limited number of peaks are evident showing the existence of the MgZn2 phase. 

Higher peaks are observed for the rolled and then static aged samples at a temperature of 180℃ for 24 

hours as shown in Fig. 6.4.  

 

Fig. 6.3. X-ray diffraction pattern of the aged sample 180℃ for 24h 
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Fig. 6.4. X ray diffraction pattern of the rolled and aged sample at 180℃ for 24h 

The XRD pattern for the stress aged sample shows high and intense peaks for the MgZn2 phase. It can 

be inferred that more precipitates of MgZn2 are formed during the stress aging process. Peaks for the stress 

aged sample are the highest among all samples indicating that precipitate formation can be accelerated 

using the stress aging method.  

 

Fig. 6.5. X-Ray diffraction pattern of the rolled and stress aged sample at 120℃ for 3h and 50 MPa 
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6.2. Pole figure characterization by X-Ray Diffraction  

XRD data are used to extract the pole figures for the (0002) basal plane and (101̅0) prismatic planes. 

Fig.6.6 illustrates the pole figure for the basal plane for processed samples. The solution treated sample 

exhibits an inhomogeneous texture; the basal poles tend to align along the rolling direction. For sample 

solution treated and aged at 180℃ for 24h, the basal component is tilted 10 degrees from the RD (Fig. 

6.6b). The basal texture variation is attributed to the arrangement of precipitates plates in the Mg matrix. It 

is estimated that during the static aging process, arrangement of cubic and rod like precipitates in an hcp 

structure can change both in direction and density [130].  The precipitates in the form of [0001] rods are 

most effective in increasing the precipitate number density per unit area of slip plane of the magnesium 

matrix phase. 

The directions of the rolled samples are designated in order to characterize the effect of rolling on the 

texture. Hence the direction parallel to the rolling is termed as RD, transverse to the rolling as TD and the 

direction perpendicular to the rolling surface as ND. Rolled sample has a strong basal texture aligned in the 

ND direction (Fig. 6.6c). During rolling of magnesium, both basal slip and tension twinning reorient the c-

axis of grains so that c-axis becomes approximately parallel to the compression axis (ND or sheet thickness 

direction). This leads to a favorable alignment of basal planes parallel to the RD. Rolled and static aged 

sample for 24 hours at 180℃ has basal component aligned in the ND direction which is elongated along 

the TD direction. The stress aged samples were exposed to the extension in the rolling direction and thus 

exhibited strong basal texture elongated along the RD. Stress aging extends the sample in the RD direction 

making the same effect as rolling on the texture and leading to an alignment of grains with c-axis. This 

intensifies the basal texture in stress aged samples.  

The intensity of pole figures in basal plane is characterized. The intensity of solution treated sample is 

3.55 at the highest. For solution treated and static aged sample at 180℃ for 24 hours the intensity increases 

significantly to 6.8. High intensity of basal component at this condition means that the precipitates are 

located in the basal plane. Alignment of both,  𝛽1́ and �́�2 precipitates to the basal plane is possible, since  
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𝛽1́ is located on this plane and �́�2 is perpendicular to it. Rolled sample exhibits higher intensity relative to 

the aged samples. However, the stress aging intensifies the intensity more significantly relative to the static 

aging on the basal plane.    

 

Fig. 6.6. Pole figures extracted from XRD data along the (0002) direction for (a) solution treated sample 

(b) solution treated and aged sample at 180℃ for 24h (c) solution treated and rolled sample (d) solution 

treated, rolled and aged sample at 180℃ for 24h (e) solution treated, rolled and stress aged at 120℃ for 3h 

Fig.6.7 illustrates the pole figure showing the orientation of the prismatic (101̅0) plane for the processed 

samples. The solution treated sample exhibits an inhomogeneous texture; the prismatic poles are distributed 

around directions. However, there are more poles aligned with the ND direction. For solution treated and 

aged at 180℃ for 24 hours sample, the poles are aligned with the traverse direction (TD), while the intensity 

of poles is increased relative to the solution treated sample. Alignment of prismatic poles along the TD 
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reveals the fact that in the case of plastic deformation with the extension in TD, the prismatic slip will be 

activated. The rolled sample shows high intensity poles in the TD and RD   (Fig. 6.7c).  For rolled and 

static aged and stress aged samples (Fig. 6.7d and 6.7e), the same trend is observed, and the poles are 

aligned with the RD and TD.  

6.3. Texture analysis using the EBSD method 

6.3.1. Texture analysis for the solution treated sample 

Fig. 6.8a and b illustrate the misorientation of grains and the inverse pole figure (ipf) of solution treated 

sample. Solution treated sample exhibits bimodal structure with coarse grains with size of 20 µm and fine 

grains with size of 1-4 µm. The misorientation angle of grain boundaries for the solution treated samples 

indicate high fraction of grain boundaries (HAGB) which is attributed to the occurrence of DRX during 

deformation process for the wrought alloy. The grains with the prismatic orientation of (211̅0) are 

dominant in the microstructure. High intensity with the maximum magnitude of 18.37 is calculated from 

the EBSD results for the ST sample for rolling direction (RD) on the basal plane of (0001) as shown in Fig. 

6.8b. ST sample exhibits basal texture aligned with the RD direction. The same trend was observed in the 

pole figures extracted from the XRD results for solution treated samples. This can be attributed to the 

forging or extrusion process applied to the wrought slab of ZK60. While ST sample shows strong basal 

texture, no evident pole intensity is observed in (101̅0) and (101̅1) planes. Hence, it can be inferred that 

no obvious prismatic or first order pyramidal pole texture exists for the ST sample.    

6.3.2. Texture analysis for the best condition of static aged sample 

Fig. 6.9a and 6.9.b illustrate misorientation of grains and the inverse pole figure (ipf) of rolled and static 

aged sample. Finer grains with average grain size of 10 µm and more equixed structure is observed for this 

sample. However, some coarse grains along with existence of fine grains representing the residual of 

original bimodal structure are observed for static aged sample. Grains exhibit distinct misorientation rather 

random while the basal texture is still observed in ipfs and pole figures. It is clear from the (0002) basal 
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pole figure that alignment of rolled and static aged sample is changed. While the basal poles were aligned 

with the RD, for the rolled and static aged sample they are tilted toward the ND. However, it is inferred 

from Fig. 6.9c that the basal poles are distorted from the ND with the angle of near 45 degrees.  

 

Fig. 6.7. Pole figures extracted from XRD data along the (101̅0) plane for (a) solution treated sample (b) 

solution treated and aged sample at 180℃ for 24h (c) solution treated and rolled sample (d) solution treated, 

rolled and aged sample at 180℃ for 24h (e) solution treated, rolled and stress aged at 120℃ for 3h 
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Fig. 6.8. (a) Misorientation of grain (b) inverse pole figure (c) pole figures for the ST sample extracted 

from the EBSD results.  

 

Fig. 6.9. Misorientation of grain (b) inverse pole figure (c) pole figures for the rolled and static aged sample 

extracted from the EBSD results. 
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6.3.3. Texture analysis for the best condition of stress aged sample 

Fig. 6.11 a and 6.11b illustrates the misorientation of grains and the inverse pole figure (ipf) of rolled 

and stress aged samples. The large grains are fully eliminated and fine and equixed grains with average 

grain size of 5µm are achieved. Crystals tend to orient with the (0002) basal plane as shown in Fig. 6.11a. 

A strong basal texture usually seen for the rolled samples is exhibited for this condition. The basal plane is 

aligned with the ND while the intensity of ipf is 6.66 at the highest. Since stress aging leads to the 

contraction of the c-axis, and alignment of the basal poles with the ND, stress aging has the same effect as 

rolling on the texture. Hence it can be inferred that while rolling and static aging could not fully orient the 

basal poles, further stress aging led to the formation of a strong basal texture along the ND.  

 

Fig. 6.10. Misorientation of grain (b) inverse pole figure (c) pole figures for the rolled and stress aged 

sample extracted from the EBSD results. 

6.3.4. Texture analysis for the deformed best condition of stress aged sample 

Fig. 6.20 shows the pole figures for the deformed stress aged sample after tensile test. It is clear that the 

basal poles are strong in the ND where the c-axis was contracted during the deformation. The low ductility 
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of samples at low temperature can be attributed to the limited deformation mechanism restricted with strong 

basal texture. Basal slip is activated for the low temperature samples and extension in c-axis is restricted 

leading to the low formability. While the sample is loaded along the RD, it has the same effect as the 

compression on the texture and activation of tension twinning and/or <c+a> slip mode are required for 

higher ductility of the deformed samples. Hence, due to limitation of activated slip modes formability of 

stress aged sample (STRA-120℃-3h-50 MPa) is restricted to 12.5% and is nearly the same with the solution 

treated sample at ambient temperature.   

 

Fig. 6.11. Pole figures for the sample stress aged and then strained at 10-3 s-1 

6.3.5. Effect of textue on the orientation of precipitates and the mechanical response  

As discussed above the basal pole figures are aligned with the RD for the solution treated samples. 

Basically, in the case of existence of rod precipitates, solution treated samples can exhibit high tensile 

strength due to the alignment of rod precipitates with the loading direction parallel to the prismatic plane. 

However, due to lack of precipitates in the solution treated sample, low strength and ductility are achieved. 

To some degree, texture can interpret the mechanical response of the static aged samples [126]. Since the 

basal poles are tilted 45° from the ND, it is expected that combination of stress concentration at the 

interphase of rod-shaped precipitate and Mg matrix along with semi-fiber strengthening parallel to load 

direction make the role in determining the mechanical response and activated slip mode [126]. While stress 

concentration at interphase degrades the tensile properties, fibrous precipitates parallel to the prismatic 
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planes strengthen the tensile properties [129]. Strong basal texture is seen for the stress aged sample. High 

stress concentration at the interphase of rod precipitates with Mg matrix is expected, however high density 

of fine precipitates increases the hardening of the samples. Low ductility of stress aged samples at ambient 

temperature relative to the static aged sample is due to the alignment of rod precipitates perpendicular to 

the load direction [129]. However, activation of non-basal slip modes along with twinning can be the main 

reason for higher formability for stress aged samples at low temperatures [126].   
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CONCLUSION 

Wrought slabs of ZK60 magnesium alloy was exposed to a thermo-mechanical process. A systematic 

rolling and aging process were applied to enhance the mechanical properties of solution treated samples of 

ZK60. Based on the conducted experiments and observed results, the following conclusion can be drawn: 

i. Thermo-mechanical process containing rolling, annealing and aging treatment was found as an 

effective method to refine the microstructure and enhance the mechanical properties. Fine and 

equiaxed grains were observed for the static and stress aged samples while the solution treated 

sample had coarse grains with inhomogeneous structure.  

ii. The solution treated sample exhibited low mechanical properties while the enhanced mechanical 

properties were achieved for both static aged and stress aged samples. The solution treated sample 

had the UTS of 255 MPa and elongation of 11%. The best sample of rolled and static aged condition 

exhibit UTS of 305 MPa and elongation of 25%. The enhancement for the stress aged sample was 

even more, and 353 MPa and 15% were achieved for UTS and strain to failure, respectively.  

iii. High strength along with significant increase in elongation for the static aged sample is attributed 

to the nucleation of grains during the rolling process and formation of fine precipitates of MgZn2 

during the aging process. The high strength was achieved for the stress aged sample attributed to 

the formation of uniform and fine precipitates with more density along with possibility of activation 

of tension twinning.  

iv. While the precipitates were nearly dissolved into the matrix for the solution treated sample, high 

density of precipitates was shown for the rolled and static aged sample. Fine, uniform and denser 

precipitates were observed for the stress aged samples. The indexing of the observed precipitates 

reveals that MgZn2 precipitates are dominant in the matrix of stress aged sample. Precipitation 

hardening as an effective method has contributed to the improvement of mechanical properties of 

processed samples.  
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v. The solution treated sample exhibits random texture along with basal pole figure aligned in the RD 

of the processed samples. The rolled sample shows strong basal texture as the grain are oriented 

along the c-axis. The rolled and static aged sample shows basal texture oriented 45 degrees from 

the ND. The stress aged sample demonstrates strong basal texture aligned with the ND where the 

basal planes are parallel to the RD. It is inferred that stress aging can enforce the effect of rolling 

on the texture by orienting the crystals along the c-axis.  

vi. Tensile behavior of solution treated and processed samples were characterized at low temperatures. 

It was observed that at low temperature deformation mechanism is limited to the basal slip. Hence 

at low temperatures, formability of strained samples is low.  Suppression of tension twinning at low 

temperature decreases the formability. Stress aged sample exhibited high strength (337 MPa) and 

good ductility (9.2%) while mechanical response of solution treated sample was limited to 262 MPa 

and 2.6% at -60°C temperature. 
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RECOMMENDATIONS FOR FUTURE WORKS 

Although some efforts were made to study thermo-mechanical processing of magnesium alloys in the 

present work, these methods are not limited to the performed experiments and achieved findings. Therefore, 

there are few suggestions for upcoming research works. 

i. The high temperature tensile behavior of developed samples can be characterized to 

investigate whether superplasticity is observed at high temperatures for the developed samples. 

The constitutive modeling of high temperature can be made to predict the strength of samples 

at high temperatures.  

ii. The impact properties of the processed samples can be investigated. A comparison between 

tensile toughness and impact toughness energy can be made.  
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