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ABSTRACT 

 

CONTROLLING AND MODELLING OF TWIN INDUCED STRAIN 

LOCALIZATION IN ROLLING OF MAGNESIUM AZ31 

 

ISMAIL, Kübra 

Master of Science, Metallurgical and Materials Engineering 

Supervisor: Assist. Prof. Dr. Mert Efe 

 

 

September 2019, 66 pages 

 

Formability of AZ31 Magnesium alloy has certain limits below 200 ℃ and depends 

strongly on temperature, due to the strain localization and shear banding associated 

with the twinning activity. In this thesis, magnesium sheets with basal, off-basal (90° 

tilted) and mixed (50% basal + 50% off-basal) textures are rolled between room 

temperature and 165 ℃ to understand and control the twinning-induced localizations. 

By increasing strain from 0.1 to 0.6 and raising the temperature, the fraction of flow 

localized regions increases and the strain intensity in these regions is controlled by the 

starting texture. The sheet with basal texture develops the most intense localizations 

at room temperature and fails by shear banding at only 0.16 strain. Off-basal sheet, on 

the other hand, has similar fraction of twins and localizations but capable of deforming 

twice the strain (0.36) without shear banding. Maximum uniform strains increase with 

temperature and reach to 0.60, 0.50, and 0.33 at 165 ℃ for off-basal, mixed, and basal 

textures, respectively. When the fraction of strain localized regions and the strain 

intensity in them are incorporated into a model, it was possible to predict the maximum 

rolling strain for a given starting texture and temperature. 
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ÖZ 

 

MAGNEZYUM AZ31’İN HADDELENMESİNDE OLUŞAN 

İKİZLENMEDEN KAYNAKLI GERİNİM YERELLEŞMELERİNİN 

KONTROLÜ VE MODELLENMESİ 

 

ISMAIL, Kübra 

Yüksek Lisans, Metalurji ve Malzeme Mühendisliği 

Tez Danışmanı: Dr. Öğr. Üyesi Mert Efe 

 

 

Eylül 2019, 66 sayfa 

 

AZ31 Magnezyum alaşımının 200 ℃ altındaki sıcaklıklarda şekillendirilebilirliği, 

ikizlenmeden kaynaklı gerinim yerelleşmesi ve kesme kuşakları nedeniyle kısıtlıdır 

ve sıcaklığa aşırı bağlıdır. Bu tezde, bazal, bazal olmayan (90° dönmüş), ve karışık 

(50% bazal + 50% bazal olmayan) dokulu magnezyum levhaları, ikizlenmeden 

kaynaklı yerelleşmeleri anlamak ve kontrol etmek için oda sıcaklığı ile 165 ℃ 

arasındaki sıcaklıklarda haddelenmiştir. Gerinim 0.1’den 0.6’ya yükselirken ve 

sıcaklık artarken akışın yerelleştiği bölgelerin oranı artmaktadır ve bu bölgelerdeki 

gerinim yoğunluğu başlangıç dokusu tarafından kontrol edilmektedir. Bazal dokuya 

sahip levhada en yoğun yerelleşme oda sıcaklığında oluşmakta ve levha sadece 0.16 

gerinimde kesme bandından kırılmaktadır. Öte yandan benzer ikizlenme ve 

yerelleşme oranına sahip bazal dokulu olmayan levha, iki katı (0.36) gerinime kadar 

dayanmakta ve kesme bandı gözlemlenmeden deforme olmaktadır. Maksimum eş 

dağılımlı gerinim sıcaklığa göre artmakta ve 165 ℃’de bazal dokulu olmayan 

levhalarda 0.6, karışık dokulu levhalarda 0.5 ve bazal dokulu levhalarda 0.33’e 

ulaşmaktadır. Gerinim yerelleşmesi gösteren bölgelerin oranı ve bu bölgelerdeki 

gerinim yoğunluğu bir modele koyulduğunda, belirli bir başlangıç dokusu ve 

sıcaklığındaki maksimum haddeleme gerinimini tahmin etmek mümkün olmuştur. 
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CHAPTER 1  

 

1. INTRODUCTION 

 

Magnesium alloys are very suitable for the designs that require lower weight with 

higher strength [1–3]. Nearly 910,000 tons of magnesium were produced in 2015 and 

the production volume is getting higher every year [4]. Compared to steels and 

aluminum alloys magnesium alloys are lower in density and higher in specific strength 

(strength-to-weight ratio) [5,6]. Moreover, magnesium has much higher specific 

elastic modulus and lower density than their alternatives like steel and aluminum 

alloys Figure 1.1. This makes magnesium alloys a preferable candidate to replace 

other metals, which have low specific properties in industrial applications [5]. 

Decreasing the weight of automobile parts leads to lower fuel consumption which is 

one of the main concerns of automotive industry in last decades. It also reduces 

emission rates and enhances the performance of the automobiles [7–9]. Another 

important outcome of reducing weight of automobile parts is lowering production 

costs [10]. Table 1.1 indicates that using magnesium alloys instead of steel can create 

55-60% weight reduction. Considering these reasons, magnesium alloy parts are 

replacing steel to increase the weight efficiency. First parts to replace with magnesium 

alloys were the parts that do not carry critical loads. BMW manufactured a composite 

magnesium alloy engine, the R6 that is the lightest 3.0 liter in-line six-cylinder 

gasoline engine which is listed one of Ward’s 10 best engines in 2006-2007 [11,12]. 

After the developments made in mechanical properties of magnesium alloys, these 

alloys have been used in various bodies of automobiles including critical load carrying 

parts which can be seen in Figure 1.2. 
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Table 1.1 Automotive part weight reduction versus low Carbon steel  

Material Weight Reduction vs. Low-Carbon Steel 

High-strength Steel 15-25% 

Aluminum Alloys 40-50% 

Magnesium Alloys 55-60% 

 

 

 

Figure 1.1 Strength and density of different materials [13] 
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Figure 1.2 Applications of magnesium alloys in automotive industry[14] 

 

Magnesium alloys have widely been used in industrial applications both as semi-

finished and final products as cast into the desired net shape or used wrought alloys 

by applying further shaping processes [15,16].  The most prominent manufacturing 

techniques for semi-finished magnesium alloys are casting and direct chill  casting 

[17], while rolling [18], twin-roll casting [19–21] and extrusion machining [22]  are 

manufacturing techniques for finished magnesium alloys. Besides, most of the 

products also require additional forming processes to have desired shape. Wrought 

alloys that exposed to thermo-mechanical treatment are replacing cast alloys due to 

their better mechanical properties.  Unfortunately, their limited formability is the 

major barrier to greatly increased magnesium alloy usage [23]. In particular, its 

extended applications are limited by its low formability at room temperature [24,25]. 

Then, many manufacturers and scientists have been investigating magnesium 

deformation mechanisms because of its high strength and low weight being a key issue 

for many industrial applications. Numerous studies have been performed to 

understand plastic deformation mechanism and production of magnesium alloys. The 
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main objective for improvement in the mechanical deformation processing of Mg 

alloys is understanding the crystallographic slip and twinning behavior. 

Mg alloys have a hexagonal-close-packed (hcp) structure, exhibit highly anisotropic 

mechanical properties, with c/a ratio of 1.624 [26]. The number of independent slip 

systems for a homogeneous plastic deformation at room temperature is limited 

because of the symmetry of hexagonal structure.  <c+a> dislocation slip and twinning 

are the main deformation mechanisms to accommodate strain along the c-axis [27]. 

However, at low temperatures (< 200 ℃) <c+a> dislocation slip is inactive, and the 

mechanical twinning becomes the only deformation mechanisms when the basal slip 

is geometrically restricted [28]. Basal slip has almost zero Schmid factor (S) when the 

deformation is along the c-axis of the strongly textured magnesium. Then, the 

deformation is possible by {10 − 1̅1} or {10 − 1̅3} contraction twinning modes in 

compressive-type processes (e.g. rolling), considering the critical resolved shear stress 

for secondary slip modes are almost 100 times more than that of basal slip at ambient 

temperatures [29–31]. 

The origin of flow localizations and cracking at low temperatures has recently been 

linked to the twinning activity [32,33]. One substantial characteristic of deformation 

twinning is that grains unfavorably oriented for basal slip can be reoriented into the 

more appropriate orientations [34]. In other words, the softening effect induced by 

contraction and double twinning leads to a substantial weakening of the microstructure 

[27,35]. When twinning happens in the strongly textured magnesium, the initial basal 

planes tilt by 56° or 64° for contraction {10-11} twins and 38° for double {10-11} 

{10-12} twins. As the tilted basal planes now favor slip due to non-zero S, the 

deformation concentrates to the twinned areas leading to the texture softening [36]. 

The entire deformation localizes into the narrow twins with limited number in the 

microstructure. With increasing deformation, twinning becomes auto-catalytic [37]. 

This triggers a network of twins and leads to the formation of sharp, shear bands 

consisting of many interconnected twins  [33,38,39]. The intense strain localization 

can sometimes cause dynamic recrystallization (DRX) within the bands. As the 
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deformation temperature increases, DRX grains become more clear and larger, 

transforming the twinned areas into recrystallized macroscopic bands. In this case, the 

twins diminish and may not be visible, but the initial twinning activity is still the 

reason of the twinning-induced recrystallization (TDRX) within the bands [40]. 

There are several strategies to suppress twinning-induced shear banding in 

magnesium. Alloying of magnesium with rare-earth elements both weakens the initial 

basal texture and decreases the CRSS of non-basal slip systems. These allow 

considerable slip at room temperature instead of twinning [41]. Alternatively, texture 

and grain size of the sheet can be modified by shear-type deformation methods [42–

45]. Tilted-basal textures resulting from shear-type processes encourage basal slip due 

to non-zero S [46,47]. Fine grain size (< 10 μm) promote non-basal slip at the grain 

boundaries and contribute to the ductility [48]. Finally, an increase of deformation 

temperature above 200 ℃ activates non-basal slip system and suppresses the twinning 

[32,35,49]. Therefore, larger uniform strains with homogenous microstructures 

become possible in forming of magnesium by controlling the starting texture, grain 

size, and the deformation temperature. 

In this study, magnesium sheets with basal, off-basal (90° tilted), and mixed (50% 

basal + 50% off-basal) textures are rolled between room temperature and 165 ℃ to 

understand and control the twinning-induced localizations. The interactive effects of 

starting texture and temperature are investigated to understand and control the 

twinning-induced shear banding during rolling. Sheets with three distinct starting 

textures are rolled to increasing amount of strains per pass until they fail by severe 

shear banding. Electron Backscatter Diffraction (EBSD) method was used to 

investigate these highly deformed AZ31 magnesium alloys and their orientation and 

texture change was identified. The experiments are repeated over a wide range of 

temperatures to control the extent of twinning and softening. Then, the maximum 

uniform rolling strains are documented at each combination of texture and 

temperature. In addition to the experiments, a texture and temperature dependent 

model is developed for the twinning-induced softening phenomena. The model treats 
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the magnesium as a composite with soft twinned regions where basal slip is possible, 

together with hard matrix regions where the basal slip is restricted. The model gives 

the maximum amount of deformation without shear banding, which results in uniform 

microstructures and defect-free final products. 
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CHAPTER 2  

 

2. LITERATURE REVIEW  

 

2.1. Magnesium Alloys 

Magnesium is an alkaline earth metal which is a member of the second group of 

periodic table with atomic number is 12. Magnesium is one of the lowest-weighted 

metal, its density 1.77 g/cm3. Atomic Structure of Magnesium is hexagonal closed 

packed (HCP) (Figure 2.1) like cadmium, titanium, zirconium and zinc. Packing factor 

and c/a ratio are two important parameters to define the structure of an HCP metal 

(Figure 2.2). An ideal HCP structure has maximum packing factor of 0.74 and axial 

ratio (c/a ratio) of 1.633 These values may differ in other HCP metals. Slip on basal 

plane becomes the dominant slip mode when the c/a ratio is bigger than ideal ratio. 

On the other hand, when the c/a ratio is lower than ideal ratio, the prismatic slip 

becomes more active. Zirconium and titanium alloys are two examples to metals with 

prismatic slip because of their lower axial ratio. However, magnesium has an 

exception, it has an axial ratio of 1.624 which is lower than the ideal axial ratio, despite 

to that basal slip systems are still the dominant slip systems. This is one of the reasons 

for magnesium to be a brittle metal. It also causes magnesium to have premature 

failures [50–53]. 

 

Figure 2.1 3D and 2D views of atomic layers in HCP structure[51] 
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Figure 2.2 Unit cell and layer arrangement of HCP structure[51] 

 

As can be seen in Figure 2.3 magnesium alloy is one of the members of lightweight 

nonferrous metal alloys like aluminum alloys, beryllium alloys, titanium alloys. 

Magnesium alloys are the lightest alloys among all these lightweight alloys. This gives 

us an idea about the great potential of magnesium alloys to be used instead of heavy 

alloys used in industrial applications. Therefore, disadvantages of magnesium alloys 

have to be overcome to produce magnesium with demanded quality. 

The three of the most important characteristics of magnesium alloys that are lower 

than the desired quality are;  

• corrosion resistance 

• strength (relatively) 

• formability at room temperature.  

New production techniques have been generated in order to get rid of these problems 

of magnesium alloys and still newer techniques are being studied. Aluminum, zinc, 

manganese, silicon, copper and some other earth elements are some of the elements 

that are being mixed with magnesium to have magnesium alloys. Each of alloying 

elements makes an improvement in different properties. Alloying elements are also 

used to make magnesium alloys to have better mechanical properties for industrial 



 

 

 

9 

 

production [51,52,54]. The definition of magnesium alloys is done by the abbreviation 

of these alloying elements, which are represented in Table 2.1. Magnesium alloys are 

defined by the abbreviation of two main alloying elements and their weight percentage 

in the alloy. Once the naming of allow is done, also additional letters are used to define 

standards of composition of alloys, which are as follows; 

A First compositions, registered with ASTM 

B Second compositions, registered with ASTM 

C Third compositions, registered with ASTM 

D High purity, registered with ASTM 

E High corrosion resistance, registered with ASTM 

X Experimental alloy, not registered with ASTM 

 

 

Figure 2.3 Some nonferrous metal alloys and their engineering application [53] 

 

Table 2.1 Letters representing alloying elements of magnesium [55]  

Letter Alloying Element Letter Alloying Element 

A Aluminum N Nickel 

B Bismuth P Lead 

C Copper Q Silver 

D Cadmium R Chromium 

E Rare Earths S Silicon 

F Iron T Tin 

H Thorium V Gadolinium 

J Strontium W Yttrium 

K Zirconium X Calcium 
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L Lithium Y Antimony 

M Manganese Z Zinc 

 

Each alloy has different tempering levels that are defined by a capital letter or capital 

letter and a following number, which can be seen in Table 2.2. To distinguish between 

tempering levels and alloying element a dash is used. The digit following the 

designation H1, H2 and H3 shows the final degree of strain-hardening. Tempers 

between 0 (annealed) and 8 (full hard) are labeled by numbers 1 through 7. Material 

having a strength about midway between that of the 0 temper and that of the 8 temper 

is labeled by the number 4 (half hard), between 0 and 4 by the number 2 (quarter hard), 

between 4 and 8 by the number 6 (three-quarter hard), etc [56]. 

 

Table 2.2 Basic temper designation of magnesium alloys [56] 

F As fabricated 

O Annealed, recrystallized (wrought products only) 

H Strain-hardened 

Subdivisions of the "H" Tempers: 

H1 Plus one or more digits…. Strain-hardened only 

H2 Plus one or more digits…. Strain-hardened and then partially annealed 

H3 Plus one or more digits…. Strain-hardened and then stabilized 

W Solution heat-treated, unstable temper 

T Thermal treated to produce stable tempers other than F, O, or H 

Subdivisions of the "T" Tempers: 

T1 Cooled and naturally aged 

T2 Annealed (cast products only) 

T3 Solution heat-treated and then cold worked 

T4 Solution heat-treated 

T5 Cooled and artificially aged 

T6 Solution heat-treated and artificially aged 

T7 Solution heat-treated and stabilized 

T8 Solution heat-treated, cold worked and then artificially aged 

T9 Solution heat-treated, artificially aged and then cold worked 

T10 Cooled, artificially aged, and cold worked 
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The final designation is like: abbreviation of alloying element – code for level of 

tempering. An example for AZ31B-O is given in Table 2.3. 

 

Table 2.3 Definition of AZ31B–O designation [51] 

AZ Two main alloying elements; A for aluminum and Z for Zinc 

31 Weight percentages of alloying element; 3% of aluminum and 1% of Zinc 

B Second compositions, registered with ASTM 

O Annealed, Recrystallized 

 

Magnesium alloys can be produced in too many different ways. However, die casting, 

DC casting, hot or cold rolling, twin roll casting and extrusion machining are most 

common ways to produce magnesium alloys. Magnesium alloys are mostly used in 

the as cast form. Alloying is done during casting process and then the alloy is poured 

into a mold. Machining is the last process to give the final shape of product. Usage of 

wrought magnesium alloys has recently increased with the help of new production 

techniques [57–59]. 

2.1.1. Magnesium Alloys and Their Properties 

By addition of alloying elements like Aluminum, Zinc and other elements poor 

properties of magnesium mentioned above can be altered remarkably. The properties 

of magnesium alloys boost after adding these elements and that makes magnesium 

alloys ideal for structural applications, especially where the strength to weight ratio is 

utmost important. In this section, the effects of addition of some commonly used 

alloying elements to pure magnesium are discussed. Also changes in mechanical  

properties of magnesium alloy with increasing the percentages of alloying elements 

are examined [60,61]. Aluminum and Zinc are two main alloying elements for 

magnesium; however, there are other elements that are used to make magnesium 

alloys which are also mentioned below. 
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Aluminum:  

Aluminum is the most common alloying element to the magnesium alloys as it causes 

the most beneficial effect. The hardness and strength of magnesium alloys is increased 

by addition of aluminum. By adding aluminum, magnesium alloy becomes easy to 

cast and solidification range of the alloy is extended. Aluminum addition of more than 

of 6 wt.% improves the heat treatability of the magnesium alloy; despite the fact that 

an addition of less than 6 wt.% makes the alloy more suitable for structural 

applications by enhancing strength and ductility [62].  

Zinc: 

Zinc is secondly most used alloying element for magnesium after aluminum. In order 

to increase strength of magnesium alloy in the room temperature zinc is added in with 

combination with aluminum. However, there is a drawback of addition of zinc which 

is hot shortness during casting that happens addition of zinc more than 1 wt.% when 

Al is already present to about 6-7 wt.% in the alloy. Moreover, zinc improves the 

corrosion resistance of Mg alloys by decreasing the detrimental effects of impurities 

like iron and nickel which may cause to corrosion. In order to improve strength of the 

magnesium alloy zinc can also be added as mixture of other alloying elements like 

thorium, zirconium and rare earth metals [63]. 

Silicon:  

Silicon is a very beneficial alloying element for the magnesium alloys. By forming 

𝑀𝑔2𝑆𝑖 particles that embedded to the grain boundaries, silicon improves the fluidity 

of molten magnesium and also increase the creep resistance of the magnesium alloys. 

Using silicon as an alloying element may cause some unwanted results if it used in 

excess amounts. However, if the usage of silicon controlled carefully it can improve 

corrosion resistance of the alloy and creates better cast ability [62].  
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Manganese:  

Manganese is generally used with iron and heavy earth metals in order to increase the 

corrosion resistance of the alloy. In magnesium alloys, manganese is used for 

applications where the salt water is considered. However, manganese has low solid 

solution solubility especially when mixed with aluminum solubility of manganese 

decreases to 0.3 wt.%. There is no other considerable benefit of alloying manganese 

with magnesium [62]. 

Silver: 

Silver increases the mechanical properties of magnesium alloys as it enhances the age 

hardenability of the alloy [62]. 

Rare earth elements:  

Adding rare earth elements to magnesium alloys considerably increases the strength 

and hardness of the alloy at high temperatures by forming different precipitates [62]. 

2.1.2. AZ31 Magnesium Alloys 

AZ31 is a magnesium-aluminum-zinc alloy. The exact chemical content of AZ31 

magnesium alloys and weight percentages of these contents are given in Table 2.4.  

AZ31 magnesium alloys are single-phased magnesium alloy. AZ31 magnesium alloys 

are the lowest aluminum content AZ magnesium alloys. AZ61 and AZ91 have higher 

aluminum content which are also being used commonly in commercial applications. 

However, over a wide range temperature, AZ magnesium alloys that have higher 

aluminum content can easily be precipitated. 

Having limited amount of secondary phase makes AZ31 magnesium alloys age 

hardenable [64]. During precipitation hardening of AZ31 alloy, 𝑀𝑔17𝐴𝑙12 phase 

precipitations are formed. 
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Table 2.4. Chemical content of AZ31 magnesium alloys [65]  

Element Content (%) 

Magnesium, Mg 97 

Aluminum, Al 2.50 - 3.50 

Zinc, Zn 0.60 - 1.40 

Manganese, Mn  0.20 

Silicon, Si 0.10 

Copper, Cu 0.050 

Calcium, Ca 0.040 

Iron, Fe 0.0050 

Nickel, Ni 0.0050 

 

In Table 2.5 mechanical properties of AZ31 and AZ61 alloys are given. Mechanical 

characteristics of AZ31 magnesium alloys can be summed up as follows;  

• They have relatively good machinability. Besides, all magnesium alloys have 

always a risk of inflammation so that the precautions should be considered.  

• They can be welded with arc-welding techniques.  

• Stress relieving and full annealing are applicable to the AZ31 magnesium 

alloys [66,67] 

 

Table 2.5 Comparison of mechanical properties of AZ31 and AZ61 mg alloy [68] 

Properties     AZ31 AZ61 

Tensile strength 260 MPa 310 MPa 

Yield strength (strain 0.200%) 200 MPa 230 MPa 

Compressive yield strength (at 0.2% offset) 97 MPa 130 MPa 

Ultimate bearing strength 385 MPa 470 MPa 

Bearing yield strength 230 MPa 285 MPa 

Shear strength 130 MPa 140 MPa 

Shear modulus 17 GPa 17 GPa 

Elastic modulus 44.8 GPa 44.8 GPa 
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Poisson's ratio 0.35 0.35 

Elongation at break (in 50 mm) 15% 16% 

Hardness, Brinell (500 kg load, 10 mm ball) 49 60 

Charpy impact (V-notch) 4.30 J 4.10 J 

 

2.2. Deformation Mechanisms and Formability of Magnesium Alloys 

In this section crystallographic properties of hexagonal closed-packed (hcp) metals 

that mentioned above and deformation mechanisms and formability of magnesium 

alloys are discussed. Two main deformation mechanisms of Mg alloys are dislocation 

slip and twinning. This section then indicates the basic concepts of dislocation slip, 

twinning and the microstructure response to the deformation in the nucleation and 

growth mechanisms of twinning. 

Slip  can be considered as dislocation movement of blocks of crystal along certain 

crystallographic planes (slip planes) as can be seen in Figure 2.4. Slip occurs by means 

of applied stresses to the system. These applied stresses distort the atomic arrangement 

and it causes plastic deformation when stress value reaches to critical resolved shear 

stress in certain slip system. This phenomenon is called slip deformation [51]. 

 

Figure 2.4 Movement of edge dislocation [51] 

 

Slip system can be defined as movement of dislocations along a slip direction on a slip 

plane. Every crystal structure has different slip systems. For example, FCC crystal 
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structures have 12 slip systems in room temperature, that makes them highly ductile 

metals. However, at temperatures lower than room temperature the number of active 

slip systems of BCC and HCP crystal structure, high loading rate also decreases slip 

systems of BCC and HCP crystal structure which cause these materials to become 

brittle under those conditions where only few operational slip systems are available. 

Twin formation begins at that stage which happens because of lack of active slip 

systems. In order to decrease the internal energy, twins form. It can be said that, 

decrease in the slip systems will result formation of mechanical twinning. Compared 

to slip mechanism effect of twins to overall deformation is much smaller, however 

twinning may cause a new crystal orientation. Slipping can be beneficial at this newly 

formed orientation [51,69]. Geometrical factor and material factor are two main 

aspects that control the slip deformation. Resolves shear stress determines the 

geometrical factor while critical resolved shear stress determining the material factor. 

Resolved shear stress depends on two parameters, first one is orientation of slip system 

and the second one is applied stresses. The formula of resolved shear stress for single 

crystal is: 

𝜏𝑅 =
𝐹

𝐴
(𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜆)                                                                                                                                     (1) 

where F is the applied force, 

A is the cross-sectional area, 

n is the slip plane normal, 

𝜙 is the angle between stress direction and slip plane normal and  

𝜆 is the angle between stress direction and slip direction.  

As shown in Figure 2.5; 

 



 

 

 

17 

 

 

Figure 2.5 Deformation in single crystal [51] 

 

It is found that the value of 𝜏𝑅 reaches at a critical constant value which slip occurs in 

a given material with specified dislocation density , known as the critical resolved 

shear stress, 𝜏𝐶; 

𝜏𝐶 = 𝜎(𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜆)𝑚𝑎𝑥                                                                                                  (2) 

This is Schmid's Law. The quantity 𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜆 is called the Schmid factor. The tensile 

stress at which the crystal starts to slip is known as the yield stress, 𝜎𝑌. 

Symbolically, therefore, Schmid's Law can be written: 

𝜏𝐶 = 𝜎𝑌(𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜆)                                                                                                     (3) 

Even if there are many slip systems, according to Schmid’s Law, the slip system which 

has the largest resolved shear stress will become active. When resolved shear stress of 

javascript:openGlossWin('dislocation%20density')
javascript:openGlossWin('yield%20stress')
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that specific system reaches the critical resolved shear stress, deformation will start. 

Because of that, maximizing the Schmid factor is important. Schmid factor can be 

calculated for different crystallographic orientations and different loading conditions. 

It can also be calculated in polycrystalline materials. However, texture of materials 

which is the combination of direction of grains and distribution these directions has to 

be known [70]. To sum up, whenever loading direction and slip direction are known, 

Schmid factor can be calculated.  

Two main deformation mechanism of magnesium alloys are slip deformation and 

twinning. Contraction and tension twinning are two main twin systems and basal slip, 

prismatic slip and pyramidal slip are three main slip systems [71,72]. The Table 2.6 

below shows slip mode, slip plane, slip direction, corresponding burger vector and the 

number of independent slip systems for all three slip systems. 

 

Table 2.6 Slip systems and their parameters of a typical HCP structure [73] 

 

Slip System 

 

Slip Mode 

 Slip 

Plane 

Slip 

Direction 

Burger 

Vector 

# of 

independent 

slip systems 

Basal Slip {0001}〈112̅0〉 {0001} 〈112̅0〉 𝑎
3⁄ 〈112̅0〉 3 

Prismatic Slip {101̅0}〈12̅10〉 {101̅0} 〈12̅10〉  𝑎 3⁄ 〈112̅0〉 3 

First order 

Pyramidal 

Slip 

{101̅1}〈12̅10〉 {101̅1} 〈12̅10〉 𝑎
3⁄ 〈112̅0〉 6 

Second order 

Pyramidal 

Slip 

{101̅1}〈112̅3̅〉 {101̅1} 〈112̅3̅〉 𝑎
3⁄ 〈112̅0〉 12 

 

The straining types along the c-axis of HCP of magnesium is defined by tension and 

contraction twin. Tension twins create an extension along c-axis while contraction 

twins create contraction along c-axis. TT1 (tension twin 1) and TT2 (tension twin 2) 

are the types of the tension twin system. TT1 twin occurs on {101̅2} plane with the 
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burger vector is  𝑎〈101̅1〉. The misorientation angle of TT1 tension twin between 

〈112̅0〉 direction is 86.3°. TT2 twin occurs on {112̅1} plane with the burger vector 

is  𝑎 3⁄ 〈112̅6〉. The misorientation angle of TT2 tension twin between 〈112̅0〉 

direction is 34.8°. CT1 (contraction twin 1) and CT2 (contraction twin 2) are the types 

of contraction twin system. CT1 twin occurs on {101̅1} plane with the burger vector 

is  𝑎〈101̅2〉. The misorientation angle of CT1 tension twin between 〈112̅0〉 direction 

is 56.2°. CT2 twin occurs on {112̅2} plane with the burger vector is  𝑎 3⁄ 〈112̅3〉. The 

misorientation angle of CT2 tension twin between 〈112̅0〉 direction is 64.3° [74–77]. 

The schematic drawings of slip and twin systems are given in Figure 2.6. 

 

 

Figure 2.6 Direction of the slip and twin system of magnesium alloys [78] 

 

Schmid factor is very crucial parameter for deformation, it varies with direction and 

deformation mechanism. When the Schmid factor value increases the resolved shear 
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stresses also increase. In other words, presence of the deformation mechanism with 

high Schmid factor depends on the loading conditions.  

Figure 2.7 can help in order to have a better understanding of the importance of the 

loading conditions on deformation mechanisms. Figure 2.7 demonstrates relation 

between deformation systems and loading axes where loading direction are along  

𝜎1 = 0°,  𝜎2 = 15° and 𝜎3 = 30° projected location of relative loading direction on 

basal plane. To illustrate, when the tension load is applied parallel to the c axis, tension 

twins have higher Schmid factor which makes them dominant deformation 

mechanism. On the other hand, when the applied load is perpendicular to the c axis, 

the contraction twins and prismatic slips become dominant deformation mechanism. 

Moreover, the basal slips become active at where the loading is applied 45° angle with 

the c axis. These different loading conditions can lead the formability change in the 

magnesium alloys [79]. 

 

Figure 2.7 Schematic relation of loading axes with (a) slip mechanism (b) twinning 

mechanism (c) projected location of the relative loading direction on the basal plane [79] 
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Then, calculated Schmid factor values for magnesium can be seen in Table 2.7. 

 

Table 2.7 Calculated Schmid factor values for magnesium [79] 

 

 

𝜃  is the angle between c-axis and loading direction and as can be seen from Table 2.7, 

during the c-axis deformation 𝜃 is 0°, pyramidal 〈𝑐 + 𝑎〉 and extension twinning show 

high values while the maximum values for basal 〈𝑎〉 slip on loading from three 

directions are seen when 𝜃 is 45°.  
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Another important factor on deformation mechanisms is the critical resolved shear 

stress (CRSS) that depends on temperature, slip and twin conditions. Figure 2.8 shows 

the great temperature dependency of prismatic and pyramidal slips on CRSS. CRSS 

values of non-basal slips are much higher than basal slip. Having the lowest CRSS 

value makes the basal slip the major deformation mechanism of magnesium alloys. 

Due to low CRSS value, basal slip is easy glide deformation mechanism especially at 

room temperature, which is approximately 0.5 MPa. 

However, it can be seen that CRSS values of twins are not considerably affected by 

the temperature change. Prismatic slip and tension twinning are secondary 

deformation mode after basal slip at lower temperatures < 200 ℃ (473.15 K) as shown 

on the Figure 2.8. Moreover, owing to having 10 times lower CRSS value than 

prismatic slip, tension twinning is more likely to be secondary deformation mode 

[80,81]. To sum up, in order CRSS to play active role in deformation mechanism, it 

has to be equal or lower than the resolved shear stress value at the given temperature 

and Schmid factor has to be high for a given loading condition and texture. 

 

Figure 2.8 Critical resolved shear stress of AZ 31 magnesium alloy with temperature 

[27,34] 
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Taylor Criteria propose that in order to get ductile and homogenous plastic 

deformation polycrystalline materials are required to have a minimum of five active 

slip systems [82]. However, magnesium alloys do not follow the Taylor Criteria since 

magnesium alloys have poor formability at room temperatures owing to their two 

independent activated basal slip modes [83]. At relatively higher than room 

temperatures, non-basal slip systems are activated. Therefore, prismatic or pyramidal 

slip systems have two more independent slip modes different than basal slip modes, 

these magnesium alloys obey the Taylor Criteria [84]. 

Magnesium alloys lack formability and they also show non-uniform plastic 

deformation behavior at room temperature due to their limited independent slip modes 

and not able to perform the Taylor Criteria. However, since at relatively high 

temperatures (over 180 ℃) non-basal slip modes are activated, an advancement in 

formability of magnesium alloy can be achieved at elevated temperatures according 

to the studies about single crystal magnesium [84]. 

The recent findings show that if activation of non-basal slips at room temperature is 

possible in any way, the formability of magnesium alloys may be enhanced. These 

findings state that, both edge and screw dislocation can be acting along 〈𝑐〉 and 〈𝑎〉 

direction and the single crystal material is loaded compressively given along c-axis. 

By the help of this way,  extra independent slip modes may be activated [85]. Since 

pyramidal slip modes can perform adequate independent slip modes corresponded by 

Taylor Criteria if pyramidal slip system (〈𝑐 + 𝑎〉 direction) is activated, the 

formability behavior of magnesium may be improved. 

Addition of some alloying elements to magnesium alloys is a possible way to enhance 

the formability of magnesium alloy. To alter the current basal texture of basal textured 

magnesium alloys, particularly rare earth elements are added as further alloying 

elements. Almost all of the magnesium sheets have a strong basal texture due to 

deformed by compression loads and further forming processes are applied by load 

perpendicular to c-axis. By changing basal texture of magnesium alloy, another slip 
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mode can be also easily activated. Then an improvement of the formability of 

magnesium can be provided. The effects of three different starting textures on 

deformability of rolled magnesium sheets at 100 ℃ was studied. It is observed that by 

activation of non-basal slip planes low temperature ductility has improved [86].  

The other important parameter that affects the formability of magnesium alloy at room 

temperatures is initial grain size. Magnesium alloys with finer grain sizes are more 

likely to have ductile deformation. Grain refinement is a very effective way to create 

finer grain sizes in magnesium alloys. Hot rolling is one of the thermo mechanical  

process techniques that successfully refine the grain size based on dynamic 

recrystallization behavior. It is stated that, Kim et al. by asymmetric rolling AZ31 

magnesium alloy sheets with a fine grain size 1.4 μm and its maximum elongation can 

be increased up to 35% [87]. 

Strain rate is another controlling parameter to improve ductility of magnesium alloys. 

At the high strain rates, ductility of the magnesium alloys decreases. Since there is no 

time for slip systems to be activated, twinning and shear band deformation becomes 

prominent.  

Another way to increase the formability of magnesium alloy is twinning. When the 

crystal material loaded along c-axis tension twins become very active due to 

propensity of magnesium to mechanical twin under applied c-axis load. For 

magnesium alloy, creating mechanical twinning along c-axis is more preferable than 

activating non-basal slip systems that helps them to obey Taylor Criteria. The only 

way to create these mechanical twinning is pure shear stress. However, in order to 

have shear stress state, there should be a large external stress applied to materials that 

may cause an abrupt fracture in magnesium alloys [30,88]. 

Yet, temperature, initial texture, and mechanical twinning can directly change the 

formability behavior and deformation mechanisms of magnesium alloys. At relatively 

low temperature due to lack of number of independent slip systems, formability of 

magnesium alloy is limited by only basal slip not prismatic or pyramidal. Also, if 
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texture is altered from basal to weak basal in any way, the formability of magnesium 

alloys would be increased. Moreover, the basal slip will be geometrically limited 

under loads perpendicular to the c-axis. Then, mechanical twinning formed through 

shear stress grows into a possible deformation mode for magnesium alloys that plays 

a huge role of deformation [79]. In some studies, it is said that grain size affects 

favorably fractions of twinning on the magnesium alloys, but there is no strong 

evidence grain size to affect slipping behaviors of magnesium alloys [89]. It is stated 

that, Qizo et al. pre-compressed magnesium alloy strips show enhanced deformation 

behavior than ones without secondary twinning [90]. 

To conclude, temperature, initial texture, and strain rate are three major variables that 

affects the formability of magnesium alloys. The ways to enhance the limited 

formability of magnesium alloys at low temperatures will be examined further 

sections.  

In this section, magnesium alloy deformation mechanisms and the formability of 

magnesium alloys were discussed. Magnesium sheet deformation is the main subject 

of the thesis and will be explained in following sections in detail. 

2.3. Magnesium Sheet Deformation Processes 

In this section three main deformation processes of magnesium sheet are stated which 

are rolling, twin roll casting and extrusion machining.  

2.3.1. Rolling  

As the first commercially available magnesium sheet deformation process, rolling is 

most widely used forming process which provides high production and close to final 

product.  

Conventional Mg alloys rolling techniques usually resort to multi-pass rolling with a 

2-3% reduction per pass at room temperature. Rolling is beneficial technique to 

achieve a uniform deformation, homogeneous grain structure and strong texture. In 

contrast, a single-pass large-reduction rolling process results in uneven deformation, 
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and thus has a probability to achieve bimodal or multimodal grain structures and 

weakened texture. However, due to the extremely large shear forces in the rolling 

direction (RD), Mg alloy sheets are very prone to cracking, and thus this rolling 

technique can hardly be used for production.  

 

Figure 2.9 Representation of rolling process [56]  

 

A schematic view of rolling is given above in Figure 2.9 where; 

𝑡0 = Initial thickness 

𝑡𝑓 = Final thickness 

𝑣0 = Initial velocity of rolling sheet 

𝑣𝑓 = Final velocity of rolling sheet 

There are two types of rolling that are cold and hot rolling. The former results in sheets 

having poor formability and high anisotropy at room temperature due to lack of 
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independent slip systems. It causes edge cracks when over 10% rolling reduction is 

applied [91]. The latter process activates five more slip systems that greatly improve 

deformability of magnesium sheets. At high temperatures dynamic recrystallization 

also helps to increase ductility of magnesium sheets without severe plastic 

deformation [92].  

To conclude, as a sheet deformation process rolling is not beneficial process because 

it needs to multi-step deformation especially at low temperatures. In order to deform 

the strip to desired thickness a repeated heat treatment and rolling processes should be 

done successively. This means, the cost of this processes is relatively high.   

2.3.2. Twin Roll Casting 

The second common magnesium sheet deformation process is twin roll casting. It has 

a considerable potential for industrial applications since it facilitates size of the 

manufacturing of magnesium sheets in an economical way. Twin roll casting is more 

cost and energy efficient type of production of magnesium sheets because of 

diminishing of the production steps as to the conventional sheet productions.  

On the other hand, this forming process promotes the production of strips with 

enhanced microstructural properties like lowered segregation, improved inclusion size 

and refined microstructural homogeneity. Twin roll casting is a combination of casting 

and hot rolling in one process. The simple schematic of the twin roll casting process 

is shown on Figure 2.10. Figure 2.10 belongs the process in a horizontal orientation. 

By a pumping system, molten metal is transferred from furnace to a head box. The 

head box is connected to a nozzle with a level of height above nozzle entry in order to 

feed molten metal by the help of the gravitational force. Then molten metal is fed into 

the gap between two counter rotating rolls and the roll surfaces play a role in a mold 

for the molten metal to transfer the heat and the solidification starts at the beginning 

of the contact region between the melt and roll surfaces. Right after the solidification 

of the magnesium alloy, the solid material is hot rolled while pulling inside the roll 

entrance region by the rotating rolls [93]. 
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Figure 2.10 Representation of twin roll casting process [93] 

 

Twin roll casting enables production of 5-6 mm thick magnesium alloy strip directly 

molten material. This provides huge time and cost saving. Moreover, improved 

microstructural properties can be achieved by twin roll casting.  

2.3.3. Extrusion Machining 

Extrusion-machining is a severe plastic deformation process to impose large-strain 

deformation induced by machining in the machined workpiece and chips [94]. This 

method could improve the disadvantages of magnesium alloys by one single 

processing step. It has emerged as an effective technique to produce ultrafine-grained 

microstructure for enhanced ductility and strength [95]. The schematic view of this 

deformation process as follows: 
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Figure 2.11 Schematic view of extrusion-machining [95] 

 

where 𝑡0 is cutting layer depth, 

𝑡𝑐 is controlled chip thickness, 

𝜆 is chip thickness ratio (𝜆 = 𝑡𝑐 𝑡0⁄ ) 

𝑤 is cutting width, 

𝑉0 is cutting speed, 

𝛼 is rake angle, 

𝛼2 is clearance angle and 

𝜑 is shear angle. 

The technique of EM has been demonstrated in Figure 2.11. While the sharp wedge-

shaped tool with a rake angle 𝛼 is static, the workpiece with a cutting layer depth 

travels at cutting speed 𝑉0 toward the tool. Due to the process of shear in deformation 
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zone OA which is the region of intense strain rate, the workpiece materials in the 

cutting layer flow out in the form of a chip with a thickness 𝑡𝑐 along the rake face of 

the tool [96]. The inclined angle φ of deformation zone is named as shear angle. To 

obtain different chip thickness ratios the position of constraint can be adjusted during 

EM. 

Table 2.8 concludes up advantages and disadvantages of sheet deformation processes 

aforementioned above.  

 

Table 2.8 Comparison of sheet deformation processes 

Sheet Deformation Processes Advantages Disadvantages 

Rolling 
Commonly used 

Standard 

Hard texture in final 

product 

Requirement of high 

temperature 

High scrap rate 

 

Twin-Roll Casting 

One step process 

Soft texture in final 

product 

Time saving process 

Lower cost 

Challenging process 

Not applicable to low 

final thickness 

Extrusion-machining 

One step process 

Enhanced ductility 

and strength 

Challenging process 

Needs high strain rates 

 

 

2.4. Motivation and Aim of Study 

Formability of magnesium alloys strictly depends on temperature, initial texture, strain 

rate and initial grain size. It is stated that AZ31 magnesium alloys need to be deformed 

at elevated temperature due to increased number of slip systems. At room temperatures 

only basal slip system is activated owing to low CRSS value and Schmid factor is zero 

in loading direction perpendicular to c-axis. Then twinning deformation mechanism 
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takes place which leads undesired defects such as twinning, shear band and even crack. 

Also, the fracture surface of magnesium alloy gives hint about the fracture types, it is 

fully ductile at elevated temperatures while it is quasi-brittle at room temperatures. 

In addition to twinning, another limiting factor for low temperature formability is 

pronounced texture. Wrought magnesium alloys have a strong basal texture, alloying 

of magnesium with rare-earth elements both weakens the initial basal texture and 

decreases the CRSS of non-basal slip systems  

The aim of this study is to understand and control the twinning-induced localization 

of magnesium sheets with basal, off-basal and mixed textures by rolling between room 

temperature and 165 ℃. While the fraction of flow localized regions increases from 

0.1 to 0.6 with strain and temperature, the intensity of them are controlled by the 

starting textures. The interactive effects of starting texture and temperature are 

investigated to understand and control the twinning-induced shear banding during 

rolling. Another important goal of this study is to develop a texture and temperature 

dependent model for the twinning-induced softening phenomena. The model gives the 

maximum amount of deformation without shear banding, which results in uniform 

microstructures and defect-free final products. 
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CHAPTER 3  

 

3. EXPERIMENTAL 

 

3.1. Rolling Setup 

Rolling of the AZ31 alloy was carried with an OAM CAVALLIN M120 shown in 

Figure 3.1 laboratory mill having 65 mm roll diameters. The rolling machine has a roll 

speed of 32 m/s and the desired true strain values were achieved by adjusting the rolls 

to the corresponding reduction by using relation of 𝜀 =  𝑙𝑛(𝑡0/𝑡𝑓), where ε is the 

rolling strain per pass, 𝑡0 is the initial thickness, and 𝑡𝑓is the final thickness.  

 

Figure 3.1  OAM CAVALLIN M120 
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Figure 3.2 Schematic view of rolling process 

 

Constant deformation rate was calculated as 3.5 /s by formula; 

𝜀̇ =
2𝜋𝑅𝑊

60

1

𝐿
𝜀                                                                                                                 (4) 

where R is roll radius, 

r is the fractional reduction thickness, 

L is the roll contact arc length given by 𝐿 = √𝑅𝑟𝑡, 

t is the initial sheet thickness and 

W is the roll rotation rate (rpm). 
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3.2. Temperature Data Logger Setup 

The experiments were conducted at room temperature (RT) and the strips were pre-

heated in closed to atmosphere furnace that is set to 100 ℃, 150 ℃ and 200 ℃. 

However, the actual deformation temperatures were lower due to heat losses to the air 

and the cold rolls of the mill. In order to measure the exact deformation temperatures 

1 mm thermocouple wires were welded on both ends of the specimen. The wires were 

connected to a Natural Instruments ® data logger shown in  

Figure 3.3, which recorded the temperatures during rolling with 6 𝑠−1  Hz sampling 

frequency. Then, approximate deformation temperatures were taken as the average of 

entrance and exit temperatures for all experiments. 

 

Figure 3.3 Natural Instruments data logger 
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3.3. Material and Methods 

The materials investigated in the present work were commercially available Mg 

AZ31B alloy plates with 2 mm, 4 mm, 6 mm, and 7 mm thickness. They were received 

in hot-rolled and annealed condition (O temper) from Xi’an Yuechen Metal Products, 

Shaanxi, China. The 2 mm thick plate with dimensions of 150 mm (rolling direction; 

RD) x 20 mm (transverse direction; TD) x 2.2 mm (normal direction; ND) had a 

Vickers microhardness of 60.8±2.7 kg/mm². The plate exhibited strong basal texture 

as shown in the EBSD orientation map and accompanying pole figures (Figure 3.5a). 

The microstructure of the plate (rolling direction) consisted of equiaxed grains with 

an average grain size of 30±8 µm.  

The 4 mm thick plate had also a strong basal texture. In order to have a different 

starting texture the 4 mm thick plate was rolled at 300 ℃ at a reduction of 30%. Then, 

it was annealed at 200 ℃ for eight hours to suppress heavily twinned microstructure. 

Since the EBSD results of 4 mm rolled and annealed specimen could not be seen 

clearly it was not possible to determine if the targeted initial texture is obtained. The 

reason behind this can be heavily twinned zones. That’s why further investigation for 

4 mm thick plate could not be done. Figure 3.4 shows the optical views of rolled and 

annealed 4 mm thick plate separately and EBSD result of annealed specimen.  

The 6 mm thick plate showed a strong basal texture similar to the thinner plate. For 

the third investigate texture, this plate was sliced perpendicular to its normal direction 

by water-jet, resulting in strips with dimensions of 100 mm x 6 mm x 1.9 mm. In this 

orientation, the sliced strips had strong off-basal texture (Figure 3.5b). It had a 

hardness of 57.2±2.5 kg/mm², with uniform and equiaxed grain size of 33±8 µm 

(Figure 3.5b).  

For the last investigated texture, the 7 mm thick plate was sliced perpendicular to its 

normal direction by water-jet. It had a strong basal texture similar to the thinner plates, 

but this time extension twins (86º misorientation) occupied about 50% of the 

microstructure (Figure 3.5c). Therefore, this texture became average of the two 
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previous extreme textures and labeled as “mixed” throughout the text. This type of 

texture can also be obtained by pre-rolling magnesium sheets to small reductions and 

it has been demonstrated to improve formability [97]. Plate with the mixed texture had 

dimensions of 100 mm (rolling direction; RD) x 7 mm (transverse direction; TD) x 

1.9 mm (normal direction; ND) and had a Vickers microhardness of 60.8±2.7 kg/mm². 

Compared to the thinner plates, the grain size was larger and non-uniform (Figure 

3.5c). 

 

Figure 3.4 Optical views of a) rolled and b) rolled ad annealed and c) EBSD result of rolled 

and annealed 4 mm thick plate  
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Figure 3.5 EBSD orientation maps, the associated pole figures and inverse pole figures from 

RD-TD planes of a) basal, b) off-basal and c) mixed textured strips before rolling. Optical 

micrograph (d) shows the nonuniform microstructure of the mixed texture 

 

The microstructures of as-received and rolled samples were characterized by optical 

microscopy and electron backscatter diffraction (EBSD). For optical microscopy, the 

samples were etched with a solution of 9.5 g picric acid, 100 ml ethanol, 7.5 ml water 

and 3.5 ml acetic acid for about 30 s. Etching revealed the grain boundaries, twin 

boundaries and the strain-localized regions. Average grain size was also measured 

from the optical microstructures with ASTM E112 the linear intercept method.  The 

optical as-received images of the 2 mm, 6 mm and 7 mm samples are shown in Figure 

3.6. Figure 3.6a contains larger grains than 30 µm, there can be two different reasons 

behind this, either large grains were not affected during etching process or this 

microstructure contains some non-homogenous grains. In order to improve this 

microstructure view, etching time can be extended. 
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Figure 3.6 The optical as-received images of the a) 2 mm, b) 6 mm and c) 7 mm samples 
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Strain-localized fraction was measured by Adobe Photoshop ® software by using 

magic wand tool with a moderate tolerance adjusted with respect to the surrounding 

microstructure. The strain-localized area fraction was accepted as the ratio of marked 

pixels over whole pixels of the microstructure picture. A representative localized 

strain area calculation that belongs to 2 mm thick sample rolled at 150 ℃  is 

demonstrated in Figure 3.7. Then, the strain-localized area fraction was calculated as 

0.352. 

 

Figure 3.7 Demonstration of calculation of the strain-localized fraction by using Adobe 

Photoshop Software ® 

  

For EBSD analysis, the samples were either electropolished with a 20% Nital solution 

at 35 V and −15 ℃ for about 10 s, or mechanically polished with a colloidal silica 

solution. A FEI Quanta 200 FX scanning electron microscope equipped with EDAX 

EBSD camera and OIM software was used for the EBSD analysis.  

Three different samples were rolled at 0.05 strain increments until they failed by 

cracking at the edges. Samples deformed to the desired strain value in a single-pass, 

meaning the strains were not accumulative. A different sample was used for each 

tested strain value.  

The experiments were conducted either at room temperature (RT) or by pre-heating 

the strips in furnace that is set to 100 ℃, 150 ℃ and 200 ℃. Since the actual 
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deformation temperatures were lower due to heat losses to the air and to the cold rolls 

of the mill, the actual deformation temperatures were measured by temperature data 

logger setup which is mentioned above. Figure 3.8 shows the temperature evolution 

during rolling of the sample pre-heated to 150 ℃. 

 

Figure 3.8 Temperature distribution during the rolling experiment with a pre-heating 

temperature of 150 ℃ 

 

The initial temperature decreases to 90 ℃ right after the rolling and the average of 

entrance and exit temperatures correspond to the deformation temperature. Similar 

trends were observed for the other pre-heating temperatures and the approximate 

deformation temperatures were taken as the average of entrance and exit temperatures 

for all experiments. Therefore, the samples were assumed to be rolled at RT, 80 ℃, 

120 ℃ and 165 ℃.  
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CHAPTER 4  

 

4. RESULTS AND DISCUSSION  

 

4.1. Shear Banding in Rolling and Its Control 

Figure 4.1 shows the positive effect of temperature on the maximum possible rolling 

strains per pass for each starting texture. Below the maximum strain, the sheets are 

continuous and sustain the specified strain in single-pass. At the maximum strain, 

samples crack from the edges. Strips shatter into pieces and become discontinuous 

above the maximum strains. As expected, all the samples with different textures can 

withstand to larger strains per pass as the temperature increases. At a given 

temperature, however, there is almost a two times difference between the maximum 

strains of the off-basal and basal starting textures. This difference increases at the 

higher temperatures. Samples with the off-basal and mixed textures are more sensitive 

to the temperature and become significantly more formable after 120 ℃, whereas the 

formability of the basal texture increases moderately with increasing temperature. 

Figure 4.2 belongs to basal textured specimen. True strain of the material increasing 

with the rising temperature. The maximum true strain the material withstand without 

cracking is seen as 0.32.  

The increased temperature sensitivity in the off-basal and mixed textures may be due 

to the activation of non-basal slip at lower temperatures [31]. Off-basal textured 

sample contains some small grains that have favorable orientations for basal slip 

(Figure 3.5a). This slip can accumulate at the grain boundaries and trigger the 

activation of the non-basal slip at the boundaries. Mixed textured sample, on the other 

hand, contains additional twin boundaries (Figure 3.5c) and the non-basal clip can be 

triggered near the twin boundaries.  
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Figure 4.1 Maximum rolling strain per pass vs. temperature of basal, mixed and off-basal 

textured specimens 

 

  

Figure 4.2 True strain per pass vs. temperature of basal texture specimen 
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Figure 4.3 compares the optical microstructures of sound and cracked strips that are 

rolled to ε = 0.12 and 0.37 at 120 ℃. Individual twins are distinct and visible in the 

microstructure of the sound strip (Figure 4.3a), whereas the cracked one has shear 

bands and a nonuniform microstructure (Figure 4.3b). While there may be twins in the 

shear bands, they already formed an interconnected network, resulting in the shear 

bands that are aligned 45° to the loading direction. Darker etching of the bands 

confirms the concentration of deformation within the bands. In addition, alignment of 

the bands is consistent with the maximum shear directions. The bands extend through 

the entire cross-section and result in the edge cracks as shown in the inset of Figure 

4.3b. There are no visible cracks in the sound strip (inset of Figure 4.3a), and the 

deformation is relatively homogeneous despite the considerable twinning activity. 

  

Figure 4.3 Optical microstructures of basal textured strips rolled at 120 ℃ a) ε = 0.12, sound 

strip (inset) b) ε = 0.37, cracked strip (inset). For the cracked strip, the inset shows a piece of 

the strip, as in this case edge cracking was severe and shattered the strip into small pieces 

 

When the microstructures of basal and off-basal textures are compared at 80 ℃ and at 

a strain of 0.22, they appear to be similar. They both contain a high fraction of twins 

and concentration of deformation within the twinned areas (Figure 4.4). However, the 

basal textured sample shows a higher concentration of strain to the twins (Figure 4.4a), 

resulting in edge cracks at this temperature and strain. Off-basal sample is sound at 

𝜀 =  0.22 and deforms uniformly until 𝜀 =  0.39 at this temperature. The twinned 

areas appear to accumulate a lower amount of strain, as the boundaries remain sharp 

a) b) 

 100 𝝁   100 𝝁  

Twin boundary Shear bands 
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and the twins are narrow (Figure 4.4b). However, in the basal textured sample, the 

strain-localized areas are wider and they have darker contrast, indicating the formation 

of shear bands (Figure 4.4b). These results underline the importance of starting texture 

in suppressing twinning-induced shear bands. Starting texture offers a great 

improvement in formability, given that it is possible to produce Mg feedstock with the 

desired texture. The texture has great influence on the active deformation mechanisms, 

including the twinning [98]. Therefore, the level of twinning should be compared for 

each texture at various temperatures. 

 

Figure 4.4 Optical microstructures of a) basal textured and b) off-basal textured strips rolled 

at 80 ℃ to 0.22 strain 

 

4.2. Strain, Temperature and Texture Dependence of the Twinning Activity  

One indication of the twinning activity is the fraction of the strain- localized regions 

(𝑓). In Figure 4.5, the experiment done at two different strains of 0.09 and 0.19 

demonstrates the increase in the volume fraction of the darkly etched regions with 

strain. While these regions do not necessarily correlate with the twins, they indicate 

slip within these areas. The microstructure may consist of more twins, which may not 

response to the etching. Tensile twins that can sometimes happen under compression 

may not react to etching [98]. In addition, twins may consume entire grains and leave 

no trail behind them [98,99]. Therefore, darkly etched regions provide indirect 

evidence to twinning-induced softening activity and may not represent the actual 

  50 𝝁    50 𝝁  

a) b) 

Twin boundary 

Strain-localized area  
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fraction of the twinned areas. Still, it is possible to establish a relation between f and 

the strain, as first suggested by Barnett for Mg [32]: 𝑓 =  𝐶𝜀2, where C is the twinning 

rate constant depending on factors such as grain size and temperature. As the global 

strain increases, a higher fraction of deformation concentrates into the regions that are 

presumably twins.  

 

Figure 4.5 Optical microstructures of basal textured strips rolled at 150 ℃ to a strain of a) 

0.09 b) 0.19 

 

Figure 4.6 shows the effect of increasing temperature on 𝑓 at constant strain for the 

basal texture. The microstructure at the higher temperature contains higher fraction of 

darkly-etched regions (Figure 4.6b). This result suggests higher twinning activity at 

the higher temperature and seems to contradict the common assumption of twinning 

suppression with increasing temperature.  

However, the real effect of temperature is on the twinning rate constant, 𝐶. To 

investigate this, 𝑓 is plotted over a wide range of strains at different temperatures 

(Figure 4.7a). Unlike the 𝑓 =  𝐶𝜀2 relation, results from Figure 4.7a yield a linear 

relationship between the 𝑓 and 𝜀: 𝑓 =  𝐶𝜀. More importantly, 𝐶 strongly depends on 

the temperature, almost diminishing at higher 𝑇. While there appears to be more twins 

at the higher temperatures, their fraction slightly increases with increasing strain. At 

lower temperatures, on the other hand, the fraction of twinned and strain-localized 

  50 𝝁    50 𝝁  

a) b) 

Strain-localized area 
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regions is strongly sensitive to the strain since there are no other parameters to control 

deformation. 

 

Figure 4.6 Optical microstructures of basal textured strips rolled at strain of 0.09 a) at room 

temperature, b) at 120 ℃ 

 

Fraction of strain-localized regions in basal, mixed and off-basal textures at various 

strain and temperatures are plotted in Figure 4.7, respectively. Similar to the basal 

texture, 𝑓 increases with strain and temperature. The twinning rate constants seem to 

be independent of textures, and absolute values of the fractions are similar. There is 

only a slight deviation in the off-basal texture at 165 ℃, however there is a good 

agreement in the textures for the other temperatures. This allows the following 

empirical relationship between temperature and 𝐶 =  2.8𝑒𝑥𝑝(−0.013𝑇), where 𝑇 is 

in ℃. This equation is valid for each starting texture and it is remarkably similar to the 

equation fitted (𝐶 =  3𝑒𝑥𝑝(−0.015𝑇)) to the experiments of Barnett on the effects 

of increasing strain on the twinned fraction [32,96]. By using this relationship and 

𝑓 =  𝐶𝜀, it is now possible to find the fraction twins, and therefore strain-localized 

regions, at a given temperature and strain. The starting texture has no effect on the 𝑓, 

yet it influences the extent of shear banding and cracking in the strips. Note that this 

equation is not valid when the strain equals to zero. While strain equals to zero strain 

localized fraction value should be zero. 

  50 𝝁    50 𝝁  
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Figure 4.7 Area fraction of the strain-localized regions at various strain and temperatures for 

a) basal, b) mixed and c) off-basal textured samples 
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4.3. Twinning-induced Softening and Its Relation to Shear Banding 

Independent of their fraction, twins induce softening in the matrix of all starting 

textures. In this case, the samples can be considered as a composite consisting of “soft” 

(twins) and “hard” (matrix) region. The relative “softness” of the twinned regions, on 

the other hand, is different for each starting texture. One way of finding the extent of 

softening is to compare the ratio of Schmid factors of basal slip inside the twins and 

the matrix at a given loading condition, 𝑆𝑟  =  𝑆𝑡/𝑆𝑚 [32,96]. Here 𝑆𝑡 and 𝑆𝑚 are the 

Schmid factors for basal slip inside the twin (most favorable variant is considered) and 

the matrix, respectively. A higher softening factor, 𝑆𝑟, indicates the intensity of strain 

localization within the twins [96].   

Figure 4.8 shows calculations of 𝑆𝑡 and 𝑆𝑚 from EBSD maps for basal (Figure 4.8a) 

and off-basal (Figure 4.8) textures. The EBSD maps belong to the cross-section of the 

samples and they were taken at low strain (0.09) and temperature (25 ℃) to clearly 

distinguish twins. For each texture, three separate twin and matrix pairs were analyzed 

and the reported values are the averages. Incidentally, all the selected twins were {10-

12} tensile twins for both textures. This type of twinning is common for the off-basal 

textured samples compressed perpendicular to their c-axis [100]. Twinning is usually 

rapid in this case and they may consume the entire sample even at lower strains, 

reorienting texture to the basal [100]. EBSD map from this sample (Figure 4.8b), does 

not show any rapid twinning and complete reorientation of the initial texture. The 

starting texture was not as sharp (Figure 3.5b) compared to the other off-basal textures 

in the literature [101]. This may allow some slip in addition to the tensile twins when 

accommodating the deformation.  

Although rare, tensile twinning can happen in the basal textured samples compressed 

parallel to their c-axis [102]. Compression and double twins are more common and 

responsible from deformation for the basal texture, but tensile twins can be observed 

within the compressive twins and consume them [36,103]. Moreover, the starting 

basal texture was not relatively sharp (Figure 3.5a), again allowing slip and tensile 
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twinning in addition to the compression twins. Therefore, softening factors can be 

calculated from the tensile twins for both textures. 

For the basal texture (Figure 4.8a), 𝑆𝑚  =  0.09 and 𝑆𝑡  =  0.38 yield a ratio of 𝑆𝑟   

 3.83, indicating severe softening such that: 

𝑆𝑟  =  
𝑆𝑡

𝑆𝑚
 =

𝑐𝑜𝑠68𝑐𝑜𝑠23

𝑐𝑜𝑠82𝑐𝑜𝑠47
 = 3.83.                                                                                 (5) 

For the off-basal, there is slight softening, 𝑆𝑟    1.53, according to the calculations 

in three different regions on the EBSD map. For the mixed texture, 𝑆𝑟    2.62 is 

assumed without any calculations from EBSD maps, as this texture was the average 

of the basal and off-basal textures.   

 

Figure 4.8  EBSD orientation maps of a) basal and b) off-basal textured specimens after 

rolling. In this case, EBSD maps are from the cross-section of the specimens (TD-ND plane) 

and the loading direction is shown with respect to the image plane 

 

After finding the relative softness (𝑆𝑟) and fraction (𝑓) of each region, the continuum 

can now be treated as a composite, where each region has its own flow stress and 

strain. By using the iso-work (Iso-W) model, developed by Tóth et al. [104], the flow 

stress and strain in each region can be partitioned [96,104]. The model assumes that 

the plastic power is uniform in the continuum: 𝜀̇𝜎 = 𝜀1̇𝜎1 = 𝜀2̇𝜎2, where subscripts 1 

and 2 correspond to the matrix and twin fractions, respectively. In this case, the strain 
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rate in the twinned areas is higher due to the localizations. The partitioning factors ri 

are defined by:  

𝜀1̇ = 𝑟1𝜀̇,        𝜀1 = 𝑟1𝜀,       𝜀2̇ = 𝑟2𝜀̇,       𝜀2 = 𝑟2𝜀                                                                     (6) 

(1 − 𝑓)𝑟1 +  𝑓𝑟2 = 1                                                                                                                (7) 

where 𝑓 =  𝐶𝜀. 𝜀 and 𝜀 ̇ for the twinned areas will be higher than for the matrix by the 

softening factor, 𝑆𝑟: 

𝜀2

𝜀1
 =

�̇�2

�̇�1
 =

𝑟2

𝑟1
 =  𝑆𝑟                                                                                                                (8) 

Using 𝜀̇𝜎 = 𝜀1̇𝜎1, 𝜎1 = 𝐾𝜀1
𝑛  (𝐾 is the strength coefficient, 𝑛 is the strain hardening 

exponent), and Eq. (6), flow stress of the composite is given by: 

 𝜎 = 𝐾𝑟1
𝑛+1𝜀𝑛                                                                                                                     (9) 

where 𝑟1 is found from Eqs. (7) and (8) as                

 𝑟1 =
1

(1−𝑓)+𝑓𝑆𝑟
.                                                                                                    (10) 

As fraction of the soft regions increases with strain, flow stress of the composite will 

become unstable after a critical strain. The onset of the instability can be determined 

by the Considère's criterion for compression:  

 
1

𝜎
(
𝜕𝜎

𝜕𝜀
) = −1.                                                                                                      (11) 

Then, the maximum uniform strain before instability can be found by the following 

steps. The derivative of Eq. (9) is; 

𝜕𝜎

𝜕𝜀
= 𝐾 (

1

1+𝜀𝐴
)
𝑛+2

𝜀𝑛−1(𝑛 − 𝜀𝐴),                                                                          (12) 

where 𝐴 is defined as 𝐶(𝑆𝑟 − 1). After finding the derivative, left side of the Equation 

11 becomes: 

1

𝜎
(
𝜕𝜎

𝜕𝜀
) =

(𝑛−𝜀𝐴)

𝜀+𝜀2
 ,                                                                                                 (13) 

resulting in a uniform strain equation as a function of 𝑛, and 𝐴: 

𝜀𝑢 = −
√𝐴2+4𝐴𝑛+2𝐴+1+𝐴+1

2𝐴
.                                                                              (14) 
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Equation 14 gives the maximum uniform strain before instability under compression. 

However, start of instability does not necessarily trigger severe shear banding. In order 

to predict the onset of shear banding, the Considère's criterion is often modified by a 

strain localization parameter, 𝛼 [105]. Several works in the literature suggested 𝛼  

 5 for initiation of severe shear banding, which leads to cracking [105,106]. Then, the 

maximum rolling strain becomes: 

𝜀𝑚𝑎𝑥 = −𝛼𝜀𝑢.                                                                                                    (15) 

Strain hardening exponent in Equation 9, 𝑛, is assumed to be constant below 200 ℃ 

and taken as 0.15. The last modeling parameter, 𝐴, depends on the deformation 

temperature and starting texture. Experimental results show that the deformation 

temperature and strain control the fraction of the strain-localized regions through 𝑓 =

 𝐶𝜀 and 𝐶 =  2.8𝑒𝑥𝑝(−0.013𝑇), whereas the starting texture controls the intensity of 

the localization with 𝑆𝑟    1.5 for the off-basal, 𝑆𝑟    2.6 for the mixed, and 𝑆𝑟   

 3.8 for the basal textures. 

Figure 4.9 shows the maximum rolling strains as a function of temperature and 

compares the model with experimental results for each texture. The dotted lines belong 

to experimental results while the continuous lines are fitted to model results. The 

model predicts slightly lower maximum strains compared to the experiments. While 

the match between the model and experiments is best for the basal texture, the 

difference between them is at most 10% for the other textures. The model applies to 

any deformation geometry and the starting texture, through the 𝑆𝑟, which can be 

calculated from EBSD maps obtained after small deformation at low temperatures. 

Alternatively, the active twinning system can be found from crystal-plasticity 

simulations, alleviating the need for extensive characterization experiments. In the 

most severe texture and deformation geometry combinations leading to shear banding, 

𝑆𝑟 can raise up to 5 [96]. On the other extreme, 𝑆𝑟  =  1 when there is no softening. 

Finally, the model is valid below 200 ℃ where twinning is active. The model also 

considers basal slip as the only slip mode, however other non-basal systems can be 

active below 200 ℃ especially for the weaker starting textures.  
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Figure 4.9  Experiment and modeling comparison of the temperature and texture 

dependence of the maximum rolling strain 
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CHAPTER 5  

 

5. SUMMARY & FUTURE WORKS 

Shear banding and failure during the rolling of magnesium sheets are investigated at 

different deformation temperatures (25-165 ℃) and starting textures. Twinning-

induced strain localizations are linked to the shear banding and the maximum rolling 

strains. The interactive effects of twinning and strain localizations lead to the 

following key findings:  

1)  At a given temperature, samples with off-basal texture deform to almost 200% 

higher strains without shear banding compared to the basal textured samples. Mixed 

texture samples, on the other hand, result in ~ 50% higher rolling strains. The mixed 

texture is especially convenient in suppressing the shear banding as it can be obtained 

by pre-rolling. Increasing deformation temperature improves the formability of all the 

starting textures, where there is two times increase in the maximum strains from room 

temperature to 165 ℃.   

2)  For all starting textures, {10−12} tensile twins induce softening by reorienting the 

texture for favorable basal slip. Strain localizes into the twinned regions within an 

almost undeformed matrix. The extent of the localization is found by comparing the 

Schmid factors of basal slip within the twins and the matrix. The ratio of Schmid 

factors yields a softening ratio, 𝑆𝑟, and the twinned regions accumulate higher strains 

as 𝑆𝑟 increases. When the individual twinning behavior is analyzed at all textures, the 

basal textured sample yields to highest 𝑆𝑟   3.8. The sample with off-basal texture 

shows minimal softening with 𝑆𝑟   1.5. In turn, basal textured samples develop 

intense strain localizations at earlier strains, and fail by shear banding and edge 

cracking.   

3)  The fraction of strain-localized areas increases with temperature and strain. At a 

given temperature and strain, however, the fraction of strain-localized regions is 
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independent of the starting texture. The real effect of the starting texture reveals itself 

on the intensity of strain localizations, which is controlled by the 𝑆𝑟.   

4)  Maximum strain before shear banding is both determined by experiments and 

modeling. The model treats the sample as a composite that contains soft twinned 

regions and hard matrix regions. After incorporating the fraction of twinning-induced 

localizations and their intensity into the model, it successfully captures the initiation 

of shear banding and results in similar maximum strains compared to the experiments. 
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