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ABSTRACT OF DISSERTATION 

 

SYNTHESIS AND CHARACTERIZATION OF MAGNESIUM – TITANIUM 

COMPOSITES BY SEVERE PLASTIC DEFORMATION 

 

Magnesium alloys are widely used in engineering applications, including aerospace 

and automobile industries, due to their desirable properties, such as lower density, high 

damping capacity, relatively high thermal conductivity, good machinability, and 

recyclability. Researchers have, therefore, been developing new magnesium materials. 

However, mechanical and corrosion properties are still limiting many commercial 

applications of magnesium alloys. In this Ph.D. thesis research, I developed Mg-Ti 

composite materials to offer some solutions to further improve the mechanical behavior of 

magnesium, such as titanium-magnesium (Ti-Mg) claddings, Mg-Ti multilayers, and Ti 

particle enforced Mg alloys. Low cost manufacturing processes, such as hot roll-bonding 

(RB) and accumulative roll-bonding (ARB) techniques, were used to produce Mg-Ti 

composites and sheets. The microstructural evolution and mechanical properties of 

composites were investigated using optical microscopy (OM), X-ray diffraction (XRD), 

scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), electron 

backscatter diffraction (EBSD), nanoindentation, and tensile tests.  

In the first part of this study, I investigated the bonding strength of the AZ31/Ti to 

understand the mechanical properties of Mg/Ti composites. Using a single pass RB process, 

I fabricated AZ31/Ti multilayers with the thickness reduction in a range of 25% to 55%. 

The hot-rolled AZ31/Ti multilayers were heat-treated at 400 °C for 6, 12, and 24 hours, 

respectively, in an argon atmosphere. Tensile-shear tests were designed to measure the 

bonding strength between AZ31/Ti multilayers. Furthermore, the experimental results 

revealed good bonding of the AZ31/Ti multilayers without forming any intermetallic 

compounds in the as-rolled and heat-treated AZ31/Ti multilayers. The good bonding 

between Ti and AZ31 is the result of diffusion bonding whose thickness increases with 

increasing heat-treatment time and thickness reduction. The shear strength of the Ti/AZ31 

multilayer increases with increasing bonding layer thickness.  

In the second part of this study, I characterized the microstructure and texture of 

three-layered Ti/AZ31/Ti clad sheets which were produced by single-pass hot rolling with 

a reduction of thickness 38% (sheet I) and 50% (sheet II). The AZ31 layer in sheets I and 

II exhibited shear bands and tensile twins{101̅2}〈101̅1〉. The shear bands acted as local 

strain concentration areas which led to failure of the clad sheets with limited elongation. 

Heat treatment caused changes in the microstructure and mechanical properties of clad 

sheets due to static recrystallization (SRX) on twins and shear bands in the AZ31 layer. 



 
 

Recrystallized grains usually randomize the texture which causes weaken the strong 

deformed (0001) basal texture. Twins served as nucleation sites for grain growth during 

SRX. Tensile tests at room temperature showed significantly improved ductility of the clad 

sheets after heat treatment at 400°C for 12h. The results showed that the mechanical 

properties of clad sheets II are better than clad sheet I: The clad sheet II shows elongation 

13% and 35% along the rolling direction (RD) for as-rolled and annealed clad sheet, 

respectively whereas the clad sheet I shows elongation 10% and 22% along RD for as-

rolled and annealed clad sheet, respectively.   

In the final part of this study, I examined the effects of dispersed pure titanium 

particles (150 mesh) with 0, 2.3, 3.5, 4.9, and 8.6 wt. % on the microstructure and 

mechanical properties of AZ31-Mg alloy matrix. Mg-Ti composites were processed 

through three accumulative roll bonding (ARB) steps using thickness reductions of 50% in 

each pass followed by heat treatment at 400 °C for 12 h in an argon atmosphere. ARB is 

an efficient process to fabricate Mg-Ti composites. Mechanical properties of Mg- 0Ti and 

Mg-2.3Ti composite were enhanced by ~ 8% and 13 % in yield strength and ~ 30% and 

32 % in ultimate tensile strength, respectively. Meanwhile, the elongation of the 

composites were decreased by 63% and 70%, respectively. After heat treatment, the results 

showed a decrease in yield strength and increase in elongation to fracture. The mechanical 

properties of the Mg-0 and Mg-2.3Ti composite were enhanced: ultimate tensile strength 

by 9% and 7%, and elongation by 40% and 67%, while the yield strength was decreased 

by 28% and 36% compared with the initial AZ31. Enhancements of strength and ductility 

were the results of two mechanisms: a random matrix texture by ARB and ductile titanium 

particle dispersion. 

KEYWORDS: Magnesium alloy AZ31; Titanium; Roll bonding (RB); Accumulative roll 

bonding (ARB) Heat Treatment; Diffusion Bonding; Mechanical Behavior 
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CHAPTER 1. Literature Review 

1.1. Motivation 

There is an interest in engineering applications of lightweight alloys, including 

solid-state hydrogen storage, aerospace, and automobile industries, because of the 

increasing demand to reduce fuel consumption and greenhouse gas (e.g., CO2) emission 

[1-3]. Also, Mg-Ti alloys have been reported as biodegradable implant materials [4, 5].  

AZ31-H24 (Mg-3wt. % Al-1wt. % Zn) is the most common Mg alloy sheet which 

is produced by hot rolling of the direct chill cast ingot. The hot-rolled AZ31sheets exhibit 

strong basal texture [6] with limited formability. It has been reported that the forming 

ability can be improved through modification of texture by weakening the basal or 

obtaining a random texture. In this work, titanium was added as ductile dispersion. 

Therefore, it is necessary to understand the effects of Ti on microstructure and texture 

evolution. 

The main objective of this study is to identify the effects of severe plastic 

deformation and annealing on the microstructure and mechanical behavior of the Mg/Ti 

composite materials. Composite materials, such as clad sheets, multilayered, and Ti particle 

additions, consisting of Mg alloy (AZ31) and commercially pure Ti (denoted in this text as 

AZ31/Ti), were fabricated by single-pass hot rolling (roll bonding; RB) and accumulative 

roll bonding (ARB), during which there are no interface reactions with as-rolled and heat 

treated samples at 400°C. A new Mg/Ti composite with a weakened basal texture was 

developed which exhibits improved room temperature formability.  

From the literature review, there has been limited investigations on the mechanical, 

microstructure and texture of (Mg/Ti) formed by hot rolling and accumulative roll bonding. 

This study is intended to explore the feasibility of preparing bulk magnesium-titanium 

composites with acceptable mechanical (improved deformability and toughness). There are 

a number of unexplored opportunities. Bonding of Mg to Ti has proved difficult because 

there is no solubility in each other. Therefore, elevated temperature and large deformations 

are required to obtain good bonding strength.  No attempt was made to measure the bonding 

strength of the Mg/Ti interface made by roll bonding (hot rolling) processes. The first 
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objective of this study is to fabricate tri-layered Ti/AZ31/Ti alloy and five-layered 

Ti/AZ31/Ti/AZ31/Ti multi-layered composites by single-pass hot rolling. AZ31/Ti 

interface bonding strength was investigated. The effects of the reduction and annealing 

treatments on the bonding strength were also reported. The tensile behavior of three and 

five layers was investigated. Since no report has been made for the AZ31/Ti interface 

texture analysis using SEM- electron backscatter diffraction (EBSD), the texture of thick 

AZ31 sheet cladding with a Ti shim has been studied. Furthermore, since no attempt was 

made to fabricate AZ31 with Ti particles using the ARB process, AZ31 matrix with 

different Ti particles (0, 2.3, 3.5, 4.9, and 8.6 wt. %) was studied in details. 

 A second goal is to design an economically efficient method which can be 

implemented in industrial production. The microstructure and mechanical properties of the 

Ti/Mg composites were investigated. Particularly, the AZ31/Ti interface bonding strength 

and texture were tested. This chapter focuses on two topics: 

1. Roll bonding (RB) and accumulative roll bonding (ARB) 

2. Challenges and literature review 

1.2. Roll bonding (RB) and accumulative roll bonding (ARB)  

In this study, two main methods were used, namely, roll bonding (RB) and 

accumulative roll bonding (ARB). This section gives a brief description of each method. 

First, the roll bonding is a solid-phase technique that can join similar or dissimilar metals. 

The metals are bonded by plastic deformation[7, 8]. Figure1.1 illustrates the deformation 

behavior during the roll bonding process for two different metals (aluminum/steel 

cladding) [9]. Bonding is a result of diffusion of metals into each other. The bonding 

process can be accelerated by heat which is generated during plastic deformation and 

friction. As shown in Figure 1.1b, the bonding mechanism for two different metals can be 

summarized to four reigns:  

1. Before entering the rolling mill: both metals have a surface roughness, and Al 

sheet has an oxide film on the surface. 

2. Entering the rolling mill: The Al layer is deformed and elongated because it has 

lower flow stress than steel which led to interfacial slide, forming a wavy 

interface. The new metal surface is generated, and the Al surface oxide film is 
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broken due to elongation. In addition, the steel has higher entering speed which 

may contribute to interfacial sliding. High pressure and short rolling time can 

prevent re-oxidation of the Al surface. 

3. Bonding: the metals are heated before entering the rolling mills to temperature 

450-500 °C. As shown in figure 1.1c, the diffusion layer is ~1 µm which means 

that the interface zone temperature is close to the melting point of Al (660 °C) 

or solid-liquid mixture temperature. Interface temperature is increased as a 

result of heat generation by plastic deformation and friction. As a result, a local 

softening zone is generated at the interface which leads to mutual diffusion 

between metals. During the roll bonding process, surfaces are deformed by 

shear stress, as shown in figure 1.1d.  

4. Exit point: High pressure, heat, plastic deformation, and friction during the 

rolling process may accelerate the mutual diffusion in the interface zone. 

There are several conditions which can affect the bonding strength, such as the 

number of layers, layer thickness, temperature, time, crystal structure, amount of 

deformation, surface preparation, and post-heat treatment. Figure 1.2a and figure 1.2b 

show the effect of the surface preparation and deformation reduction on the bonding 

strength after rolling [7, 10, 11]. Figure 1.3 is a diagram of a clad sheet production [9]. Roll 

bonding process can be designed for high quantity production at low cost. 

Second, accumulative roll bonding (ARB) is a severe plastic deformation (SPD) 

process which was invented by Tsuji in 1998 [12-14]. The ARB process is promising for 

industrial application such as manufacturing ultrafine grained sheet materials[15, 16]. The 

ARB process can produce bulk materials with ultrafine grains (UFGs). It is well known 

that the grain size affects the flow stress of a polycrystalline metal which is related to the 

dislocation density obstacle (grain boundaries and high angle cell boundaries). A higher 

degree of deformation can be achieved using ARB comparing with other standard rolling 

procedures. 

 During ARB, the materials are plastically deformed to the reduction of ~50% (von 

Mises equivalent 0.80), then cut into two halves, and staked together to maintain the initial 

thickness followed by rolling. The process of cutting and assembly can be repeated for 
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several ARB cycles, as shown in Figure 1.4 [17], though the ARB cycles can be repeated 

without limitation. Therefore extensive plastic deformation can be applied. As discussed 

above, surface treatment, degreasing, and wire-brushing are used to prepare the surface of 

the materials to increase the bonding strength. The ARB process is carried below the 

recrystallization temperatures of materials. UFGs of about 1µm can be obtained by several 

ARB cycles [17]. During the ARB process, the layers are joined together by rolling, which 

is the same as in a conventional roll-bonding process.  

 

 

Figure 1.1  Schematic of the roll bonding mechanism for two different metals (aluminum 

clad steel plate) [9]. 

 

 

(a) 
(b) 

(c) 
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Al 
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Figure 1.2 (a) Effect of surface preparation on bonding strength, and (b) roll bonding 

strength as a function of deformation reduction [11]. 

 

Figure 1.3 A diagram of clad sheet production [9]. 

 

Figure 1.4 Principle of accumulative roll bonding  (ARB) [17]. 

(b) (a) 
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1.3. Literature review on Mg-Ti 

The melting point of Ti (1668°C) is higher than the boiling point of pure Mg 

(1091°C). Mg-Ti binary phase diagram is shown in figure 1.5. It has very low solubility. 

Thus, Ti/Mg alloy cannot be produced by conventional rapid solidification and/or melting 

methods. The non-equilibrium processes can produce Mg-Ti alloys such as physical vapor 

deposition, vapor quenching, magnetron sputtering, and high-energy ball milling [5, 18-

23]. Brazing and friction stir welding has been reported as processes to join Mg to Ti and 

Al [24-29]. Mg/Al multilayers and clad composites have been fabricated by single-pass hot 

rolling and ARB [16, 30, 31].  

Magnesium has a hexagonal closed packed (hcp) crystal structure with lattice parameters 

(a = 0.32 nm, c = 0.52 nm). It has low symmetry and the limited of slip systems which 

cause insufficient strength and ductility. Magnesium has a 1.624 axial ratio (c/a), smaller 

than the ideal value of ?, which results in low critical resolved shear stresses [32]. In general, 

hcp materials have slip plane systems: basal { 0001} < 0211 >, prismatic { 0110 } < 0211 > 

and pyramidal { 1110 } < 0211 > systems [33-35].   

Figure 1.6 shows the slip and twinning pane and directions in Mg alloys. It is 

difficult to form Mg and its alloys at ambient temperature. Only basal slip systems are 

active at room temperature, while the other slip systems (prismatic and pyramidal)  are 

inactive. Therefore, insufficient plastic deformation occurs at room temperature [36-39]. 

Magnesium deforms by the basal slip at room temperature because the critical resolved 

shear stress (CRSS) for the basal slip is ~ 1/100 less than that of the non- basal slip systems. 

The Mg formability improves greatly at 230-400 °C due to a decrease of the CRSS of 

prismatic and pyramidal systems with increasing temperature. During severe plastic 

deformation processing (e.g., hot rolling), other non-basal slip systems or twinning systems 

are activated. The twinning systems are provided with extra independent deformation 

modes in addition to other dislocation slip systems. There are various twinning systems in 

Mg alloys: double twins (DTWs;  {101̅1} − {101̅2} 〈102̅0〉); compression twins (CTWs; 

{101̅1} 〈102̅0〉); tensile twins (TTWs; {101̅2}〈101̅1〉) [40, 41]. The double twins and 

compression twins are associated with the formation of shear bands, as shown in figure 1.7. 
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The shear bands are observed at angles < ±35° to the RD, which are caused by high local 

stress concentration[42, 43]. 

There has been a considerable amount of research to improve the electrochemical 

and mechanical behavior of magnesium and its alloys due to its lightweight, high specific 

strength, and recyclability [44] [13, 45-48].  Mg and its alloys cannot meet the 

electrochemical and mechanical demands because of the poor forming ability and corrosion 

resistance at room temperature which is why composite materials, such as clad, multilayers, 

and powder metallurgy are of interest. The composite materials have been processed by 

various manufacturing methods such as diffusion bonding, roll bonding, and accumulative 

roll bonding. The mechanical properties of Mg were improved by the addition of Ti 

particles which was attributed to load transfer trough Mg/Ti interface. This is caused by 

good interfacial bonding without intermetallic phase formation at the Mg/Ti interface.  

 

Figure 1.5 The Mg-Ti phase diagram [49]. 

 

Figure 1.6 Shows deformation modes in hcp Mg alloys [35]. 
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Perez et al. [22, 50], Hassan et al. [51] and Umeda et al. [52] reported 

improvement of the mechanical properties by adding Ti as reinforcement in Mg by 

powder metallurgy method.  

Asano et al. [34] have synthesized Mg-Ti alloys by using a ball milling process. 

BCC Mg-Ti alloy was formed in the form of spherical particles with a mean diameter of 

1mm. Danaie et al. [1] synthesized Mg-Ti multilayer composites by accumulative roll-

bonding (ARB) for hydrogen storage applications. Samples with a thickness of 0.7mm 

were prepared by the repetitive folding and cold rolling of Ti and Mg foils. The Mg-Ti 

composite showed a good hydrogen absorption rate. 

Kawamoto et al. [32] studied strain transfer through the Mg/Ti interface using a 

crystallographic method. They suggested that the dispersion of Ti particles in the Mg-based 

composite can improve the deformability of Mg by the strain transfer through the Mg/Ti 

interface. They concluded that a larger Schmid factor and lower residual strain energy are 

essential for the movement of a prismatic slip system in Ti grains. 

 

Figure 1.7 Shows Ion et al. [42]model for the formation of localized deformation shear 

bands. 

Kitazono et al. [53] synthesized Mg/Ti composites by accumulative diffusion-

bonding (ADB). The mechanical properties of the AZ91Mg alloy were improved by the 

dispersion of Ti particles in the AZ91matrix. They suggested that an improvement in 

ductility was caused by the development of a random texture due to severe plastic 

deformation and stress relaxation in Ti particles. 

Stress 

concentration 
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Alam et al. [54] claimed that there is an improvement in the microstructure and 

mechanical properties of AZ41 and AZ50 Mg alloys by adding nano-sized Al2O3 particles 

and Ca. Disintegrated melt deposition technique was used to prepare the nanocomposites, 

which results in an improvement in the 0.2% yield strength and ultimate tensile strength in 

comparison to AZ41 and AZ51 alloys.  

Kumar et al. [55] synthesized Mg/Ti nanocomposites through the disintegrated melt 

deposition technique followed by hot extrusion. They claimed that the prepared Mg/Ti 

nanocomposites had superior mechanical properties over pure magnesium.  

Esen et al. [19] prepared Ti–Mg composite rods by hot rotary swaging from 

elemental powders of titanium and magnesium. The composite was in-vivo tested in 

Ringer’s solution. They suggested that Ti–Mg composite can be used in the human body. 

Teng et al. [56] investigated the micro-machinability of Mg-based composites 

reinforced with Ti and TiB2 nanoparticles by using an ultraprecision desktop micro 

machine tools (micro-end milling process using AlTiN-coated carbide end mills). 

Kumar et al. [57] studied the effects of adding Y2O3 nano- reinforcement on 

compression, damping, and thermal expansion of Mg–3Al–2.5La alloy. The composite was 

prepared by a disintegrated melt deposition technique followed by hot extrusion. There was 

a significant improvement in the compression yield strength and ultimate compressive 

strength. 

Dai et al. [58] analyzed the effects of the Mg/Ti interface on the stability and 

adsorption of hydrogen for hydrogen storage applications. They assumed two interface 

configuration (symmetrical and anti-symmetrical).  Their result showed that anti-

symmetrical configuration was the more stable interface configuration.  

Duygulu et al. and Motevalli et al. [59, 60] suggested that zirconium and aluminum 

can be used to increase the bonding between magnesium and titanium due to good 

solubility of  Zr and Al in both Ti and Mg, leading to mutual solubility or intermetallic 

compound formation at the interface. 
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CHAPTER 2. Microstructure and mechanical behavior of hot-rolled AZ31/Ti multilayers 

2.1. Summary   

Using a single pass hot-rolling process, we fabricate AZ31/Ti multilayers with the 

thickness reduction in the range of 25% to 55%. The hot-rolled AZ31/Ti multilayers are 

heat-treated at 400 °C for 6, 12, and 24 hours, respectively, in an argon atmosphere. Optical 

microscopy, scanning electron microscopy, energy dispersive spectroscopy, and x-ray 

diffraction are used to characterize the microstructure of the AZ31/Ti multilayers; 

nanoindentation, tensile, and shear tests are used to measure the mechanical properties of 

the AZ31/Ti multilayers. The experimental results reveal good bonding of the AZ31/Ti 

multilayers without forming any intermetallic compounds in the as-rolled and heat-treated 

AZ31/Ti multilayers. The good bonding between Ti and AZ31 is the result of diffusion 

bonding whose thickness increases with increasing heat-treatment time and thickness 

reduction. The shear strength of the Ti/AZ31 multilayer increases with increasing bonding 

layer thickness.      

2.2. Introduction 

 Titanium and magnesium have been widely used in a variety of engineering areas. In 

particular, magnesium has attracted great interest in automobile industry. It is desirable to 

have a material with a combination of properties of  Ti and Mg, such as lightweight, high 

strength, and low cost [32]. This interest has stimulated the research of developing Ti/Mg 

composites.   

  Mg-based composites can exhibit improved formability and toughness with the 

dispersion of ductile particles, which are deformed plastically at a stress level lower than 

the strength of Mg matrix. These ductile particles can limit stress concentration and 

cracking at the grain boundaries of Mg. Ti may be used as the strengthening phase in Mg 

matrix since Ti has a very low solid solubility in Mg, and intermetallic compounds are not 

present in the equilibrium Mg-Ti phase diagram [27, 32, 59, 61]. It is impossible to form 

Ti/Mg solid solutions by conventional means to improve the strength of Mg-based 

materials. 

Multilayer structrures are a type of composites, which have been widely studied for 

engineering applications. There are several methods to join Mg with Ti, including friction 
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stir welding, transient liquid phase welding, cold metal transfer welding, tungsten inert gas 

welding, and laser welding [24, 27, 29]. All of them require significant energy 

consumption, and are not suitable for the fabrication of Ti/Mg multilayer structures. Other 

techniques, such as sputtering and evaporation, for the fabrication of Ti/Mg multilayer 

structures require expensive devices and systems, and cannot produce Ti/Mg multilayer 

structures in large quantities [30, 62-66].  

 Roll bonding is a simple technique to produce multilayers, which consist of two or 

more alloys [67-69]. Using hot-roll bonding, Naga et al. [70] formed a tri-layer structure, 

consisting of stainless steel, Ta, and X (X: Ti-5Ta, Zr or Ti). Ma et al. [71] fabricated Ti-

6Al-4V/Al 3003/Ti-6Al-4V laminated composites by hot-roll bonding, and found that the 

laminated composites exhibited a good Ti/Al interfacial bonding with straight interfaces. 

Lou and Acoff [72] used a cyclic cold-roll bonding/annealing process to produce multi-

layered Ti/Al composites. Ma et al. [73] fabricated Al 6061/Ti-6Al-4V/Al6061 laminated 

composites by hot-roll bonding, and studied the effect of rolling temperature and thickness 

reduction on the microstructure and mechanical properties of the laminated composites. 

Using single-pass hot rolling followed by thermal annealing at 200 °C, Nie et al. [74] 

produced tri-layer Al5052/AZ31/Al5052 clad sheets with the thickness reduction of 33% 

and 48%, and found that the annealed clad sheets with 33% thickness reduction and limited 

recrystallization exhibited the largest elongation of 22.5% and higher ultimate tensile 

strength than the annealed clad sheets with 48% thickness reduction. Currently, roll-

bonding has not been reported as a process for fabricating AZ31/Ti multilayer structures. 

 Considering the potential application of Ti/Mg composites in biomedical, automotive, 

and aerospace industries, we have fabricated AZ31/Ti multilayers via a single hot-roll 

bonding process. The microstructure and mechanical behavior of the prepared AZ31/Ti 

multilayers were systematically studied as functions of heat treatment and the thickness 

reduction. 

2.3. Experimental details 

 The materials used in this work were commercially pure titanium grade-2 (annealed, 

TIMETAL 50A) plates and magnesium tempered-alloy (AZ31B-H24, Magnesium 

Elektron) plates, whose chemical compositions and mechanical properties are listed in 

Tables 2.1 and 2.2, respectively. Prior to rolling, the surfaces of all the plates were 
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roughened manually by a steel wire brush, and degreased ultrasonically in an acetone bath 

for 15 min. The dimensions of un-deformed Ti layers were 0.58±0.05 mm in thickness, 25 

mm in width, and 50 mm in length, and the dimensions of un-deformed AZ31 sheets were 

0.80±0.1 mm in thickness, 25 mm in width, and 50 mm in length. Stacked-layered 

structures (three layers and five layers) of Ti/AZ31/…/AZ31/Ti, which were assembled 

from the cleaned plates, were heat-treated in a furnace at 450 °C for 10 min in an argon 

atmosphere. Steel wires were used to secure the stacked-layered structures to prevent 

slipping between layers during hot rolling. 

 After being removed from the furnace, the stacked-layered structures were immediately 

rolled in a rolling mill to form sandwiched structures, as shown schematically in figure 2.1 

for a three-layer structure. The roll bonding was conducted without lubricant in the rolling 

mill, which has a 101.6 mm diameter roller operating at  24 revolutions per minute. The 

thickness reductions was set at 25%, 38%, 50%, and 55% in a single pass. Portions of the 

sandwiched structures were then annealed at 400 °C for various durations. The sandwiched 

structures of three layers were designated as AS325, AS338, AS350, and AS355 for as-

rolled structures with the thickness reductions of 25%, 38%, 50%, and 55%, respectively, 

and AN338, AN350, and AN355 for the corresponding structures annealed at 400 °C in Ar 

gas. The sandwiched structures of five layers with the thickness reduction of 50% were 

denoted as AS550 for as-rolled structures and AN550 for annealed structures, respectively. 

Table 2.1. Chemical composition of commercially pure titanium grade-2 and AZ31 (wt. %) 

Chemical composition (wt. %) 

 C Al Zn Mn Ca Cu Fe Ni Si O2 N Mg Ti 

AZ31 - 2.5-3.5 0.7-1.3 0.2-1.0 0-0.04 0-0.05 0-0.005 0-0.005 0-0.05 - - Bal - 

Ti 0.02 - - - - - 0.13 - - 0.13 < 0.01 - Bal 

Table 2.2. Mechanical properties of the commercial pure titanium grade-2 and Mg alloys 

(AZ31) 

 Yield Strength (MPa) Ultimate tensile stress (MPa) Elongation (%) 

AZ31 224-227 290-291 17 

Ti 332-365 431-488 31 
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Figure 2.1 Illustration of the fabrication of Ti/AZ31/Ti sandwiched structures. 

The microstructure and chemical compositions of the materials near the Ti/AZ31 

bonding interface were characterized on the transverse-direction (TD) plane by optical 

microscopy (OM), energy dispersive X-ray spectroscopy (EDX), and scanning electron 

microscopy (SEM). X-ray diffraction (XRD) analysis of the sandwiched structures with 

patterns recorded in a range of 30-80o was performed on a Siemens D500 at 40 kV and 30 

mA with a Cu Kα radiation source. 

 The mechanical behavior of the sandwiched structures was studied by nanoindentation 

(Agilent G200), tension test, and shear test (Instron 3345 machine). The indentation load 

was 30 mN. The cross-head speed for the tension and shear tests was 0.5 mm/min. Figure 

2.2 shows the geometry of the specimens for the tension and shear tests [75, 76]. 
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Figure 2.2 (a) Schematic of the shear test of a trilayer Ti/AZ31/Ti sandwiched structure, 

and (b) geometrical dimensions of the tension specimens. 

2.4. Results and discussion  

2.4.1. Microstructures of Ti/AZ31 interface  

For the Ti/AZ31/Ti sandwiched structures with the thickness reduction of 25%, the 

bonding strength is insufficient to hold layers together, which suggests that a critical 

thickness reduction is needed to increase the bonding strength for the fabrication of the 

Ti/AZ31/Ti sandwiched structures. Figure 2.3 shows the optical micrographs of the 

sandwiched structures of Ti/AZ31/Ti and Ti/AZ31/Ti/AZ31/Ti with the thickness 

reductions of 38% and 50%, respectively. There are no pores, voids, and local de-bonding 

observed along the interface the AZ31 and Ti layers. The Ti/AZ31 interfaces are wavy in 

contrast to the flat surfaces of the un-deformed Ti and AZ31 plates, as shown in figure 2.3b. 

The change in the morphologies of the interface/surface is controlled by the rolling-induced 

plastic deformation, the surface interaction, and the mismatch in the mechanical behavior 

between Ti and AZ31 [9, 11]. The local plastic deformation can increase local temperature, 

which causes the softening of both Ti and AZ31 and the increase of the plastic strain as 

well as the migration of atoms across the AZ31/Ti interfaces.  

Ti 

Groove 

AZ31 

Groove 

(a) 

 

(b) 
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The AZ31 plate experiences more severe plastic deformation than Ti plates because 

the flow stress of AZ31 is lower than Ti [9, 65, 77].  Figures 2.3c and 2.3d are optical 

micrographs of a Ti/AZ31/Ti/AZ31/Ti sandwiched structure and the corresponding 

Ti/AZ31 interfaces. The Ti layer experiences local necking, as shown in figure 2.3c, which 

is in accord with the results that rolling causes the necking and fracture of hard layers due 

to the difference in the mechanical properties between soft layer and hard layer [64, 65, 

78]. This result is likely due to the plastic flow of AZ31 towards local weak spots in the Ti 

layers, which causes a local reduction in thickness.  

 

 

  

  

Figure 2.3 Optical images of sandwiched structures: (a) AS338, (b) high magnification of 

AS338 interface, (c) AS550, and (d) high magnification of AS550 interface. 
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Figure 2.4 Optical images of the Ti/AZ31 interfaces before and after heat treatment: (a) 

AS350, (b) AN350 with annealing time of 6 hours, (c) AN350 with annealing time of 12 

hours, (d) AN350 with annealing time of 24 hours, (e)  AS550, and (f) AN550 with 

annealing time of 24 hours. 

Figure 2.4 shows optical images of the sandwiched structures before and after the 

heat treatment. Relatively uniform, fine grains are present in the AZ31 layer for the as- 

rolled Ti/AZ31/Ti sandwiched structures with the thickness reduction of 50% (AS350), 
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suggesting that the rolling caused dynamic recrystallization (DRX) of Mg due to the release 

of heat associated with the rolling-induced plastic deformation [79, 80]. DRX occurred 

during the rolling process and involved the formation of fine grains. 

The annealing of the as-rolled AS350 at 400 °C (AN350) led to grain growth, as 

shown in figure 2.4b-4d for the heating times of 6, 12 and 24 hours, respectively. Static 

recrystallization process (SRX) took place during the heat treatment [81, 82]. The average 

grain size of the AN350 increases with annealing time, as expected, to reduce the resultant 

grain-boundary energy. For comparison, the optical images of AS550 and AN550 with the 

annealing time of 24 hours are depicted in figure 2.4e and figure 2.4f. It can be seen that 

the microstructure of AS550 consists of fine grains and shear bands. The AZ31 layers in 

the five-layer structure experienced severe plastic deformation, leading to the formation of 

shear bands (many fine DRX grains). The shear bands acted as local strain concentration, 

and led to the reduction of elogation [83]. Similar to the AN350, the annealing of the as-

rolled AS550 for 24 hours led to grain growth, and the average grain size is slightly larger 

than AN350 with the same annealing time. Plastic deformation plays an important role in 

the grain growth during the annealing.  

 

Figure 2.5 XRD patterns of AZ31 plate, Ti plate, as-rolled Ti/AZ31/Ti, and the annealed 

Ti/AZ31/Ti at 400 °C for 12 and 24 hours. 

XRD analyses of the sandwiched structures were performed to investigate if any 

new phases/intermetallic compounds were formed. Figure 2.5 shows the XRD patterns of 
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the AZ31 plate, Ti plate, and the materials on the fractured surfaces of the as-rolled 

Ti/AZ31/Ti and the Ti/AZ31/Ti annealed at 400 °C for 12 and 24 hours. There are only Ti 

and Mg phases presented in the sandwiched structures, suggesting that both the hot rolling 

and annealing did not lead to the formation of intermetallic compounds. This result is 

consistent with that the mutual solubility between Ti and Mg is very low [19, 32, 53, 58]. 

The bonding between the AZ31 plate and the Ti plate is therefore controlled by the inter-

diffusion of Ti and Mg across the Ti/AZ31 interface [65]. 

 

 

Figure 2.6 EDS line scan and EDS mapping around the Ti/AZ31 interface; (a) AS355 and 

(b) AN355. 

Figures 2.6 shows the EDS line scan of the Ti/AZ31 interface of the AS355 and 

AN355 annealed at 400 °C for 12 hours, respectively. There is a small fraction of Al in the 

AZ31 matrix for both the AS355 and AN355, as expected, and Al diffuses across the 
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Ti/AZ31 interface. Also, there exists inter-diffusion of Ti and Mg across the Ti/AZ31 

interface of AS355 and AN355, respectively. As discussed above, there is no intermetallic 

compound at the Ti/AZ31 interface. Figure 2.7 shows SEM image and EDS mapping of 

cross section of AN355 annealed at 400 °C for 12 hours. The inter-diffusion is driven by 

the concentration gradient across the interface. From figure 2.6, it is evident that the 

thickness of the inter-diffusion layer of the AS355 is less than that of AN355 annealed at 

400 °C for 12 hours, which reveals the temperature-dependent diffusion process in 

accordance with diffusion being a thermally activated process. The higher the temperature, 

the faster is the diffusion. The EDS patterns for both the AS355 and AN355 reveal that 

there are no Mg in the Ti matrix and Ti in the AZ31 matrix except within the inter-diffusion 

layer across the Ti/AZ31 interface, which supports the occurrence of the inter-diffusion. 

  

 

 

Figure 2.7 SEM image and EDS mapping of cross section of AN355 annealed at 400 °C 

for 12 hours. 
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Figure 2.8 Thickness of inter-diffusion layer across the Ti/AZ31 interface. 

Figure 2.8 shows the thickness variation of the inter-diffusion layer across the 

Ti/AZ31 interface with the annealing time for AN338, AN350, AN355, and AN550, 

respectively. The thickness of the inter-diffusion layer increases with increasing annealing 

time and the thickness reduction of the sandwiched structures due to the time-dependent 

diffusion and the stress-limited diffusion. The larger the plastic deformation, the higher is 

the dislocation density. There exists the contribution of dislocation pipe diffusion, which 

accelerates the diffusion of Ti and Mg across the Ti/AZ31 interface [65, 84].  

 

Figure 2.9 Indentation marks across AZ31 layer and Ti/AZ31 interface of AS350; (a) 

optical image, and (b) SEM image. 

2.4.2. Mechanical behavior 

Nanoindentation was performed across the Ti/AZ31 interface, using a Berkovich 

indenter with the maximum indentation load of 30 mN. Figure 2.9 shows the indentation 
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marks across the Ti layers, AZ31 layer and Ti/AZ31 interface over the surface of an AS350 

sandwiched structure. For the same indentation load, the sizes of the indentation marks 

over the AZ31 region are larger than those near the Ti/AZ31 interface, suggesting that there 

is a larger resistance to the penetration of the indenter near the Ti/AZ31 interface than that 

on the surface of AZ31. Figure 2.10 depicts spatial distribution of the indentation hardness 

of the as-rolled Ti/AZ31/Ti three-layer structures and Ti/AZ31/Ti/AZ31/Ti five-layer 

structures. The indentation hardness of AZ31 is smaller than that of Ti, as expected. A hard 

interface was not observed for both sandwiched structures in accordance with the above 

discussion that there is no intermetallic compound formed near the Ti/AZ31 interface.

       

Figure 2.10 Spatial distribution of indentation hardness of the as-rolled sandwiched 

structures; (a) Ti/AZ31/Ti, and (b) Ti/AZ31/Ti/ AZ31/Ti.  

 

Figure 2.11 Spatial distribution of indentation hardness of the as-rolled and annealed 

Ti/AZ31/Ti sandwiched structures.  

(a)                                                                                 (b)                                                                                 
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The indentation hardness of the AZ31 is in a range of 0.5 to 0.75 GPa for the as-

rolled Ti/AZ31/Ti three-layer structures, and in a range of 0.67 to 0.8 GPa for the as-rolled 

Ti/AZ31/Ti/AZ31/Ti five-layer structures; the indentation hardness of the Ti is in a range 

of 1.5 to 2.5 GPa for the as-rolled Ti/AZ31/Ti three-layer structures, and in a range of 1.75 

to 2.5 GPa for the as-rolled Ti/AZ31/Ti/AZ31/Ti five-layer structures. There exists a slight 

difference between the corresponding indentation hardness values, which is likely due to 

the difference in the thickness reduction. In general, the indentation hardness of crystalline 

metals increases with increasing dislocation density [33, 85, 86]. The larger the thickness 

reduction, the larger is the dislocation density [31, 87, 88]. 

Figure 2.11 shows the spatial distribution of the indentation hardness of the as-

rolled and annealed Ti/AZ31/Ti three-layer structures. The AZ31 after the annealing has 

smaller indentation hardness than that without the annealing. The annealing of the 

sandwiched structures at 400 °C leads to grain growth and the decrease in dislocation 

density, which results in the decrease of the resistance to the penetration of the indenter 

into AZ31. 

It is known that the bonding strength between the AZ31 plate and the Ti plate plays 

an important role in determining the structural application of the sandwiched structures. 

The double notch shear test of the sandwiched structures was performed, and the shear 

strength was calculated as    

                                        /F A                                                            (1)    

    

where F is the force causing the separation of the AZ31 plate from the Ti plate, and A is 

the contact area between the AZ31 plate and the Ti plate.  

Figure 12a shows the variation of shear strength with the thickness reduction for 

as-rolled and annealed Ti/AZ31/Ti sandwiched structures. For the same heat-treated 

sandwiched structures, the bonding strength increases with the increase of the thickness 

reduction, and for the same sandwiched structures, the bonding strength increases with the 

increase in the annealing time. These trends reveal the strong effect of the inter-diffusion 

layer on the bonding strength of the sandwiched structures. 

 Pripanapong et al. [89] studied the bonding between pure Ti and Mg alloys (AZ31B, 

AZ61, AZ80, and AZ91) fabricated by spark plasma sintering (SPS) at high temperature  
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and pressure. They obtained a tensile strength of 129.8 MPa for the Ti/AZ31 interface 

bonded at 400 ºC for 1 hour, and suggested that  the Ti3Al intermetallic layer led to the 

improvement of the bonding strength between Ti/Mg. Xu et al. [29] reported the joining of 

the AZ31B magnesium alloy to TC4 titanium alloy by tungsten inert gas welding–brazing, 

and obtained the joining strengths of 32 MPa and 190 MPa with the welding currents of 40  

A and 70 A, respectively. They attributed the increase of the bonding strength with the 

welding current to the formation of Mg17Al12 reaction layer at the interface. 

Figure 2.12 (a)Variation of shear strength with the thickness reduction for as-rolled and 

annealed Ti/AZ31/Ti sandwiched structures; (b) and (c) SEM-EDS mapping of fractured 

surface of sheared AN350 with annealing time of 12 hours for both Ti side and AZ31 

layers; respectively. 
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Tan et al. [27, 90] used laser welded-brazed method to join Ti64 /AZ31 with AZ31 

and AZ91 as filler metal. There was a Ti3Al reaction layer at the interface for the AZ91 

filler, and no intermetallic compound formed for the AZ31 filler. They reported the 

increase of the joint tensile-shear strength with the increase of Al in the filler and the laser 

power at low welding speed. The joint strengths were approximately 1000 N and 2000 N 

with the use of the AZ31 and AZ91 filler metal, respectively. The joint efficiencies are 

25.5±5% and 47.37±1.5%, compared with AZ31.  

According to figure 2.12a, the maximum bonding strength achieved is 100±9 MPa 

with the AN355, which is 75% of the shear strength of AZ31B. The shear results agree 

qualitatively with the results reported in the literature for dissimilar joining of AZ31/Ti 

alloys [24, 27, 29, 89-91]. It needs to point out that the failure of some of the sandwiched 

structures initiated either at the Ti/AZ31 interface or at the notch, but all the failures 

occurred at the Ti/AZ31 interface. This observation implies that the Ti/AZ31 interface is 

the weakest part in the sandwiched structures.  Since Ti and AZ31 differ in mechanical 

properties at room temperature, strain concentration at the interface can occur [61]. Figure 

2.12b and 2.12c show SEM-EDS analysis of the fractured surface of the sheared specimen 

AN350 with annealing time of 12 hours. There are residues of Ti and Mg adhered to the 

fracture surface of the Ti and AZ31 layers, respectively.  

The fracture surface of the Ti layer exhibits mixed failure features of tear ridge and cracks 

(figure 2.12b), and the fracture surface of the AZ31 layer displays tear ridge and fractured 

Ti islands (figure 2.12 c). Accordingly, we can conclude that the good interface bonding 

between the Ti and AZ31 formed during single- pass hot rolling. Tensile tests of the as-

rolled sandwiched structures were performed to examine the effect of the AZ31 on the 

tensile fracture of the sandwiched structures. Figure 2.13a shows the tensile stress- strain 

curves of the as-rolled samples with three and five layers, which were deformed along the 

RD direction at room temperature. The three-layer samples exhibit high tensile strength 

and low elongation, which is attributed to the strain hardening in both the Ti and AZ31 

plates. The ultimate tensile strength of the five-layer structure is about 418 MPa with 

elongation of 15%. There are small load drops for the five-layer structures which are likely 

due to the cracks and voids formed in the AZ31 layers. Figure 2.13b and 2.13c show optical 

images of the tensile-fractured surface of the as-rolled sandwiched structures. There are 
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many cracks and voids formed in the AZ31 plate, since AZ31 is much weaker and less 

ductile than Ti. Under the action of tensile loading, the AZ31 plate likely fails first, and the 

Ti plates may continuously carry the load until the initiation of local failure/fracture in the 

Ti plates. Further increases in the tensile load can lead to the failure/fracture of the 

sandwiched structures. The Ti/AZ31 interface has little effect on the failure of the 

sandwiched structures under the action of tensile loading. There is no opening/separation 

observed at interfaces due to fracture. 

 

 

 

Figure 2.13 (a) Tensile stress-strain curves; (b) optical images of tensile-fractured surface 

of as-rolled sandwiched structures Ti/AZ31/Ti, and (c) Ti/AZ31/Ti/AZ31/Ti. 
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2.5. Conclusions 

Ti/AZ31 multilayer structures have been successfully fabricated, using single pass 

hot-rolling process. The effects of the thickness reduction and annealing at 400 °C on the 

evolution of the microstructures and bonding strength of the multilayer structures have 

been investigated. Several conclusions can be drawn as follows. 

1. Plastic deformation (rolling deformation) and heat treatment cannot cause formation of 

intermetallic compounds near the AZ31/Ti interface. 

2. There exists inter-diffusion of Ti, Mg, and Al across the AZ31/Ti interface, which is 

driven by the concentration gradient. The plastic deformation associated with the 

thickness reduction enhances the inter-diffusion.  

3. The thickness of the inter-diffusion layer increases with the increase of the annealing 

time and the thickness reduction. 

4. The indentation hardness of the AZ31 plates in the sandwiched structures decreases 

with increasing annealing time due to the grain growth and the decrease in the 

dislocation density. 

5. For the same heat-treated sandwiched structures, the bonding strength increases with 

the increase of the thickness reduction; for the same sandwiched structures, the bonding 

strength increases with the increase in the annealing time and temperature. 

6. Under the action of tensile loading, the AZ31 plate fails first in the sandwiched 

structures. 
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CHAPTER 3. Three layered Titanium Clad-AZ31 Magnesium alloy Sheet by Single-Pass 

Hot-Rolling 

3.1. Summary 

In the present study, three-layered Ti/AZ31/Ti clad sheet was produced by single-pass hot 

rolling. Metallurgical bonding between Ti and AZ31 was successfully achieved with a 38% 

(sheet I) and 50% (sheet II) reduction of thickness. The microstructure and mechanical 

behavior were analyzed using optical microscopy (OM), X-ray diffraction (XRD), 

scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), electron 

backscatter diffraction (EBSD), nanoindentation, and tensile tests. The AZ31 layer in 

sheets I and II exhibited microstructures of shear bands and tensile twins{101̅2}〈101̅1〉. 

The shear bands acted as local strain concentration areas which led to the failure of the clad 

sheets with limited elongation. Heat treatment caused changes in the microstructure and 

mechanical properties of clad sheets due to static recrystallization (SRX) on twins and 

shear bands in the AZ31 layer. Recrystallized grains usually randomize the texture which 

weaken the strong deformed (0001) basal texture. Twins served as nucleation sites for grain 

growth during SRX. Tensile tests at room temperature showed significantly improved 

ductility of the clad sheets after heat treatment at 400°C for 12h. The results showed that 

the mechanical properties of clad sheet II is better than clad sheet I: The clad sheet II shows 

elongation of 13% and 35% along the rolling direction (RD) for as-rolled and annealed 

clad sheet, respectively whereas the clad sheet I shows elongation of 10% and 22% along 

RD for as-rolled and annealed clad sheet, respectively.  
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3.2. Introduction 

 Magnesium composite materials have been produced with various materials such 

as Al[87], Zn[62, 64], Ni[65] and Cu[92] to improve its mechanical and heat conductivity 

properties. Also, Mg alloys have been clad by various type of materials such as 

aluminum[67, 93], steel[94], and titanium [95, 96]. Metal-metal composite materials were 

fabricated by bonding multilayers, which has advantages of their mechanical properties. 

Kawamoto et al. [32] studied strain transfer through the Mg/Ti interface using a 

crystallographic method. They suggested that dispersion of Ti particles in the Mg-based 

composite can improve the deformability of Mg by strain transfer through the Mg/Ti 

interface. Clad sheets component are minimized Mg alloys weakness and provide a new 

application area. The ductile metal component can attribute to failure prevention by 

necking less ductile phase, which will be necking at the higher strain that depends on the 

their bonding properties [94]. Therefore, it is important to obtain a suitable method to 

fabricate Ti/AZ31/Ti Clad sheets. There are many processes to manufacture Mg multilayer 

composite materials such as accumulative roll bonding (ARB) [87, 97], diffusion bonding 

(DB)[59, 98], brazing and friction stir welding[24-29, 99], and roll bonding(RB)[31, 67]. 

The roll bonding process has been reported as a conventional method to fabricate and bond 

clad sheet by cold or warm rolling[9]. 

In this work, the Ti/AZ31/Ti clad sheets were fabricated by single-pass hot rolling. 

AZ31 Mg alloy has relatively poor tensile ductility; therefore, utilizing advantages of both 

 

Figure 3.1 Illustration of the fabrication of Ti/AZ31 clad sheet. 
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Mg and Ti may improve its performance in structural applications. Moreover, the clad sheet 

gains the corrosion resistance equivalent to that of Ti alloys. The microstructure and 

mechanical of the clad sheets were investigated, and the Ti/ AZ31 interface texture 

orientation was studied as well. The relation between texture and mechanical properties at 

the interface were discussed. 

 

 

 

 

 

 

 

  

  

Figure 3.2 OM images of the Ti/AZ31 interfaces. (a-b)as-rolled clad sheet II; (c) 

AZ31 hot rolled with 50% reduction;(d) annealed clad sheet II. 
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3.3. Experimental procedures 

The materials were used commercially pure Ti grade 2 (Ulbricht) (C 0.012, N 0.005, 

Fe 0.09, and balance Ti wt. %), and AZ31B magnesium alloy (Magnesium Electron) (Al 

3.06, Zn 1.04, Mn 0.4, Cu 0.001, Si 0.004, Fe 0.0035, and balance Mg wt. %). Three 

layered Ti/AZ31/Ti clad sheets were produced by single-pass hot rolling. Then, the AZ31 

and Ti sheets were cut into rectangular pieces of 75mm×50mm×3.06±0.10mm and 

75mm×50mm×0.2±0.02mm, respectively. Sandwiched samples were heated in a furnace 

at 450°C for 15 min and then fed through a rolling mill with 38% and 50% reduction of 

thickness in a single pass, as shown in figure 3.1. The samples were designated as the clad 

sheet I and II for reduction of thickness 38% and 50% reduction of thickness, respectively. 

The AZ31 and Ti plates were decreased by an ultrasound bath using acetone for 15 min 

and roughed by using a rotating stainless steel wire brush before assembly. Sample surface 

preparations were carried out to achieve a good bonding strength between layers. The 

degreasing and surface roughing steps were required to avoid sheets sliding to obtain an 

excellent bonding strength between layers[11]. The roller diameter was 101.6 mm, and the 

rotational speed of the roller was 24 revolutions per minute. Heat treatment was carried out 

in an argon atmosphere furnace at 400°C for 12 h.  

The Ti-clad Mg alloy sheets were observed along the (TD) plane using optical 

microscopy (OM), scanning electron microscopy (SEM), X-ray diffraction (XRD), energy 

dispersive X-ray (EDX), and electron backscatter diffraction (EBSD) patterns. Samples 

were prepeared using silicon carbide abrasive papers of grit size 320, 1200, and 2000. 

Preparations of EBSD samples were difficult because the Ti and AZ31 required different 

solutions and methods for surface polishing. Therefore, the polishing was performed layer 

by layer. Suter's electrochemical polisher was employed to polish AZ31 layer; an 

electrolyte (methanol: ethanol: nitric acid = 10:10:3) at room temperature and voltage of 

27-30V.  Ti layers were chemically polished using (nitric acid: hydrofluoric acid =1:1) to 

obtain high-quality EBSD patterns[49, 100]. EBSD was performed on the as-rolled and 

annealed samples using FEI (Helios NanoLab 660) equipped with electron backscatter 

diffraction (EBSD) system. The EBSD data were analyzed using HKL channel 5 software. 

The mechanical behavior was evaluated by nanoindentation (Agilent G200), and tensile-
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test. The tensile test samples were cut parallel to both (RD) and (TD) directions. The tensile 

strength test was performed at room temperature using an Instron (model 3345) machine 

with an initial strain rate of 0.5 mm/min. The tensile test spacemen were machined by an 

electric discharge machine (EDM) and have a gauge length of 10 mm and 2mm width, as 

shown in figure 2.2b [76].  

3.4. Results and discussion  

3.4.1. Microstructural characterization 

Ti/AZ31/Ti clad sheets were fabricated with a thickness reduction of 38% and 50% 

(sheet I and II). Optical microscopy (OM) observations appear without any visible defects 

such as pores, voids, cracks, interface debonding, or delamination (figure 3.2a). High 

plastic deformation was occurred at the interface which causes a zig-zag mode at the 

interface due to different flow stress  

of the Ti and AZ31. The interfacial zig-zag mode is a favor geometric shape that 

enhances the bonding strength between layers [9, 11, 101].   

It is suggested that plastic deformation and friction could increase the temperature 

at the interface. This led to softening of both the Ti and the AZ31, and increasing the plastic 

strain as well as the migration of atoms across the AZ31/Ti interfaces[31, 65]. Figure 3.2b 

shows microstructure of the as-rolled clad sheet which is observed as a mixed 

microstructure of parallel shear bands inclined by ±35° and tensile twins {101̅2}〈101̅1〉 in 

areas far from the interface of the Ti/AZ31 layer. While ultrafine dynamic recrystallization 

(DRX) grains were found close to the Ti/AZ31 interface, a high friction interaction 

between both layers occurs during the rolling; that means the main deformation 

mechanisms during hot rolling were controlled by basal 〈𝑎〉 slip system ({0001} 〈112̅0〉)  

and twining {112̅0}[102, 103]. Figure 3.2c illustrates microstructure of the as-rolled AZ31 

sheet with reduction of thickness 50%. DRX occurred during the hot rolling, which 

produced homogenous equiaxed fine grains with small fractions of shear bands, as 

previously reported [79, 104-107].  

Compared with the as-rolled clad sheet microstructure, the clad sheet samples were 

deformed under the high strain rate along the normal direction (ND) which generated the 

shear bands (many fine DRX grains) and twin microstructures[108]. The shear bands act 

as local strain concentration areas which cause to failure the clad sheet with lower elogation 
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[109-111]. Annealing of the clad sheets can improve the ductility of Athe Z31 layer and 

the bonding strength between theTi and AZ31[95]. Further annealing, the microstructures 

 

 

   

 

Figure 3.3 Shows SEM images: (a) sheet I as-rolled AZ31 layer;(b) sheet II  as-rolled AZ31  

;(c) point scanning of annealed sheet II interface;(d-e) line scanning of annealed sheet I         

and II interface. 
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of the AZ31 layer showed unifornm equiaxed recrystallized grains, as shown in figure 3.2d. 

Optical microscopy cannot provide high magnication views of shear bands. SEM of shear 

bands are shown in figure 3.3a-b. The shear bands’ density were increased with the increase 

of  the reduction strain from 38% to 50% during the hot rolling process. The shear band 

form during high strain process is associated with DRX. During hot rolling, the normal 

strain and high temperature cause softening and local strain. Under this condition, 

dislocation density become more concentrated which leads to the formation of the shear 

bands [42, 83, 112]. The SEM image of annealed sheet II shows no visible intermetallic 

compound; EDS point analysis provides further support as shown in figure 3.3c. In addition, 

EDS line scan of the annealed sheet I and II are given in figure 3.3d, which show the effect 

of reduction strain and heat treatment. A thin diffusion reaction layer observed at the 

Ti/AZ31 interfacial zone. This resulted in the diffusion of atoms which occurred despite 

the short rolling time. Since a Ti-Mg binary phase diagram shows tiny mutual solid 

solubility, they do not react with each other; no exist of intermetallic phase[32].  

Therefore, the bonding between Ti and Mg may occur by interdiffusion or 

intermixing at an atomic level [58, 96, 113]. The bonding strength is a function of surface 

roughness and post heat treatment. It has been reported that severe plastic deformation can 

produce significant mixing, such as ball milled powders and roll bonding [34, 114].  

The results showed that no enrichment of “Al element” found across the interface 

of the Ti/AZ31 after annealing heat treatment (figure 3.3c). Thus, there is no possibility of 

forming of brittle intermetallic compounds between Ti-Al and Mg-Al at the interfaces. 

Figure 3.4 showed XRD patterns of Ti, AZ31, as-rolled and annealed clad sheet II. The 

AZ31 presents strong XRD diffraction peak (0002) basal plane texture.  
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Figure 3.4 Shows X-ray diffraction patterns of (a) AZ31-as received;(b) Ti-as 

received;(c) sheet  II-as rolled; (d) sheet II-annealed. 

 

Furthermore, there is no evidence for intermetallic compounds obtained from Ti, 

AZ31, as-rolled and annealed sheet II diffraction patterns, as shown in figure 3.4c and 

figure 3.4d.  

After hot rolling, (101̅1), (101̅0), and (112̅0) show strong XRD diffraction peak 

while (0002) shows weak diffraction peak which means the material is exhibiting texture 

evaluation. The peak intensity should be attributed to the relative number crystal planes 

parallel to the surface [81, 115]. In addition, the reorientation of lattice had occurred by 

twinning that lead to weak the strong basal texture. Therefore, the strong peak  
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corresponding to the higher crystal plane. After annealing, the strong peaks remained same, 

with the intensity increasing obviously.  

3.4.2. Texture Evolution of clad sheets 

 3.4.2.1. The AZ31 Layer 

The AZ31 layer is the largest substantial component of the clad sheet, and its texture 

significantly affects the mechanical properties. EBSD analysis was used to investigate the 

texture of the AZ31 layer before and after annealing heat treatment. Figure 3.5 shows the 

EBSD inverse pole figure (IPF) map, pole figures (PF), and distributions of misorientation 

angle; these were obtained from areas far from the AZ31/Ti interface of the as-rolled sheet 

I (central part of the AZ31 layer). Figure 3.5a shows IPF map and grain boundaries (GBs) 

which are a columnar grains structure containing deformed and fine substructure grains 

 

 

  

  
  

Figure 3.5 Shows AZ31 layer of the as-rolled sheet I. (a) EBSD IPF image of the AZ31 

layer; (b) pole figures; (c) distributions of misorientation angle. 
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with average grain size 6.36 µm. The average grain size calculated from IPF maps. The 

different color in the EBSD map means different crystal orientation. The fine grains are 

found as resulting of the DRX during hot rolling, as discussed in the previous section. The 

as-rolled AZ31 layer developed strong basal crystallographic textures. The maximum pole 

intensity of the (0001) PF was 26.22 which tilted at 14° away from normal direction ND 

toward RD, as shown in figure 3.5b. It has been reported that deformation by the basal 〈𝑎〉  

slip system ({0001} 〈112̅0〉)  and twining {112̅0} can effect texture orientation by rotation 

of many grains from c-axes to the RD [31, 103, 116].  

Various terms used to describe the distribution of misorientation angle such as low 

angle grain boundaries (LAGBs; misorientation angle <15°); high angle grain boundaries 

(HAGBs; misorientation angle >15°); double twins (DTWs;  {101̅1} −

  

 
  

 

 

Figure 3.6 Shows AZ31 layer of as-rolled sheet II. (a) EBSD IPF image of the AZ31 

layer; (b) pole figures; (c) distributions of misorientation angle. 
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{101̅2} 〈102̅0〉) around 35°; compression twins (CTWs; {101̅1} 〈102̅0〉 ) around 56°; 

tensile twins (TTWs;  {101̅2}〈101̅1〉 ) around 86° [40, 41]. The distributions of 

misorientation angle are dominated by a large peak around 8° (LAGBs), and there are two 

small peaks around 40° (DTWs) and 86° (TTWs), as shown in figure 3.5c. Therefore, it is 

evidence that twins (TWs) and LAGBs cause the formation of shear bands during hot-

rolling[83, 112]. 

Tan.et al. [117] have demonstrated that rolled AZ31 at a temperature ranging 

between 200°C to 400°C with high strain level (60-80%) led to grains refinement. The IPF 

map contains non-indexed areas (TTWs) which subjected high local strain (sheared during 

high deformation) [118]. Guan et al.[82] reported that deformed grains boundaries, 

deformed twins, shear bands, and second phase particles are the main contribution to 

nucleation sites during recrystallization of Mg alloys.  

 

 

 

 

Figure 3.7 Shows middle of the AZ31 layer for the annealed sheet I. (a) IPF figure of the 

AZ31 layer; (b) pole figures; (c) distributions of misorientation angle. 
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Figure 3.8 Shows the middle of the AZ31 layer for annealed sheet II. (a) IPF figure of the 

AZ31 layer; (b) (0001) pole figure; (c) distributions of misorientation angle. 

The sheet II was subjected to high strain (50% reduction) during the hot rolling 

process. Figure 3.6a shows the IF map of the as-rolled AZ31 layer which also reveals 

columnar grain structure (deformed and fine substructure grains) with average grain size 

was 4.4µm. The average grain size of the as-rolled AZ31layer decreases with the increase 

of the reduction strain. Figure 3.6b shows a strong (0001) with a maximum index of 22.71 

which is tilted by 30° away from the normal direction ND toward RD. The texture intensity 

of sheet II is lower than the intensity of sheet I which is related to the amount of strain. 

Hot-rolled AZ31usually exhibit (0001) pole figure orientation distribution around ND 

wider in RD than in TD [119]. In addition, the pyramidal slip system 〈𝑐 + 𝑎〉 

({112̅2}〈112̅3〉) is responsible for splitting of the basal pole towards the RD for the hot 
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rolled AZ31 [104, 119, 120]. Figure 3.6c shows distributions of misorientation angle which 

consist of two main peaks with rang ~5°-8° and ~85°-90°. The first beak represents LAGBs 

while the second peak represents HAGBs (TTWs; {101̅2}〈101̅1〉). In addition, there is 

small fraction of double twins (DTWs; {101̅1} − {101̅2} 〈102̅0〉) around 35° [40, 41]. 

The number of CTWs {101̅1} 〈102̅0〉  are limited because of it transform to 

DTWs, {101̅1} − {101̅2} 〈102̅0〉[118, 121]. It has been reported that the DTWs reduce 

ductility of Mg alloys and led to shear failure at low strain[122]. Hot rolling is associated 

with a large strain deformation led to reduce the critical resolved shear stress (CRSS) of 

pyramidal 〈𝑐 + 𝑎〉 slip system and non-basal slip system may become activate [104, 123, 

124]. DRX has been taken place during hot rolling for both sheet I and sheet II, which 

involve to convert the LAGBs to HAGBs [117]. 

During the annealing heat treatment, recovery, recrystallization, and grain growth 

have been taken place with different rates on different regions of the AZ31 layer which 

was depending on their local stored energies. The microstructure evaluation after annealing 

treatment at 400 °C for 12h shows that there is no the presence of any elongated grains 

which indicate that the microstructure has been recrystallized and grown to some extent.  

Figure 3.6 shows IPF map, (0001) PF, and distributions of misorientation angle in areas far 

from the interface AZ31/Ti of the sheet I. Equiaxed coarse grains are formed after the heat 

treatment. The average grain size was 9.28 µm, as shown in figure 3.7a. The deformed 

grains and non-indexed areas with higher internal stored energy were recrystallized. The 

(0001) PF shows double-peak basal pole intensity which is tilted about ±25° from the ND 

towards the TD, as shown in figure 3.7b. The basal texture intensity was significantly 

reduced from 26.22 to 7.51 [31, 104].  

The annealing process has the most significant enhancement of AZ31layer texture, 

which was weakening the severely deformed grains of texture component [82, 104, 125]. 

Qiao et al.[102] and  Nie et al.[31] have reported the mechanism of LAGBs transformation 

into HAGBs by migration of the grain boundaries of the sub-grains. Figure 3.7c shows 

distributions of a misorientation angle which is exhibited by a random distribution of grain 

boundaries with the domination of HAGBs. This indicates that the static recrystallization 

process (SRX) had taken place during annealing heat treatment [81, 125].  
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Figure 3.9 Shows annealed sheet II for AZ31 layer close to interface; (a) IPF figure of the 

AZ31 layer; (b) (0001) pole figure; (c) large deformed grains, substructure grains, and 

recrystallization grains in the IPF figure; (d) distributions of misorientation angle. 

During the annealing process, the stored energy from plastic deformation could be the 

driving force for SRX [81, 126]. 

Figure 3.8 shows IPF map, (0001) PF, and distributions of misorientation angle in 

areas far from the AZ31/Ti interface after annealing of the sheet II. Figure 3.8a shows IPF 

map which reveals recrystallized texture with an average grain size of 8.97 µm. Figure 3.8b 

shows (0001) PF a significant change in pole intensity distribution comparing with as-

rolled sheet II. After the annealing treatment, the basal pole intensity decreased from 22.71 

to 9.68. The result shows that single pole intensity maxima splitting along the RD, and a 

wide pole intensity distribution inclined -5° from the ND to word RD. Hong-Fei et al.[103] 

have reported that the most recrystallized grains tilt away from the ND depend on the 

degree of deformation. A sample with deformation higher than 30% shows double pole 
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tilts toward TD while a sample with high plastic deformation shows tilting toward RD. The 

basal plan pole tilting will affect the mechanical anisotropy along (RD) and (TD) during 

tension test at room temperature. The annealing heat treatment is effective in the weakening 

of the basal texture intensity of as-rolled clad sheet due to SRX. Figure 3.8c shows a wide 

misorientation distribution histogram in the range of the angle between 20° and 60° 

(HAGBs) which confirms the SRX. 

Figure 3.9 shows IPF map, (0001) PF, and distributions of misorientation angles in 

areas close to AZ31/Ti interface after annealing of the sheet II. Coarse grains are formed 

at the AZ31 layer close to the interface after annealing heat treatment. The average grain 

size was 13.03 µm, as shown in figure 3.9a.  Figure 3.9b shows double-peak (0001) PF 

with intensity of 9.77 which is tilted about 50° from the ND toward TD. Figure 3.9c shows 

a misorientation distribution of grain boundaries which exhibits two strong beaks at ~35° 

and ~85°. The first beak represents the recrystallized grains which support the above 

discussion the increase in grain boundary misorientation and the conversion of LAGBs into 

HAGBs. Another peak represents the probability of the TTWs {101̅2}〈101̅1〉 existing [93]. 

The grain sizes of AZ31layer close to the interface are larger than those in the areas far 

from the interface. With high friction at the interface, high deformation energy is stored, 

which provides a larger driving force for recrystallization. It can be observed that the 

microstructure, after annealing heat treatment, becomes and HAGBs and with small 

amounts of twins at the interface (see the supplementary Fig.3.S1). The twins and twin-

grain boundary (GB) lead the activation of nucleation which leads to form a new grains 

DTWs ( {101̅1} − {101̅2} 〈102̅0〉)  and CTWs ( {101̅1} 〈102̅0〉 ). Chao et al.[126]. 

suggested that high dislocation densities were preferential nucleation sites during SRX of 

the AZ31 Mg alloy. Their observation depends on the modeling of fine grains and twins 

texture before and after annealing heat treatments.  As a result of annealing heat treatment, 

SRX causes the weakening of AZ31layer the basal texture which it is not eliminated [82, 

127]. Kawamoto et al.[32] studied Mg/Ti interface crystal orientation using EBSD (see the 

supplementary Fig. S2). They confirm that twins formed  

at the interface after applying the strain. Guan et al. had reported that DTWs could weaken 

the deformed texture and for the first time provided direct evidence that recrystallized 

grains originating from double twins can form the rare earth texture during annealing 
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recrystallized grain nucleation, grain growth and texture evolution of Mg alloy after heat 

treatment[118].  

 
 

 
 

 
 
 
 
 

     

  

Figure 3.10 Shows sheet I Ti layer in as-rolled and annealed state. (a-b) IPF map; (c-d) (0001) 

pole figure; (e-f) distributions of misorientation angle.  
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3.4.2.2. The Ti Layer 

 Figure 3.10 shows EBSD inverse pole figure map, (0001) PF, and distributions of 

misorientation angle of the sheet I Ti layer in as-rolled and annealed state. A few studies 

have reported the hot-rolling texture of the pure Ti, and all investigation has been done 

using X-ray diffraction (XRD) pole figures[128]. The results reveal that uniform grains 

with an average grain size of 2.83µm and 3.35µm for as-rolled and annealed, respectively, 

as shown in figure 3.10 a and figure 3.10 b. The Ti layers were subjected to a low 

deformation strain due to the different flow stress of the  Ti and AZ31. In this work, a thin 

Ti layer (0.2±0.02mm ) were used to clad the AZ31 which was subjected to shear 

deformation generated by friction from both AZ31 layer and rolls. The hot-rolling and 

annealing heat treatment were carried out at a temperature lower than the recrystallization 

temperature of Ti (≥ 500 ºC) [95, 96].  Therefore, it is considered to be in a deformed or 

recovered state, i.e.,unrecrystallized.  The (0001) PF of as rolled and annealed Ti layers 

represented in figure 3.9 c and figure 3.9d. There was a slight decrease in the texture 

intensity after annealing. Both as-rolled and annealed texture show single pole basal texture 

split to the RD, and the maximum intensity of (0001) poles shifted by 35-45° towards RD 

from ND. The distribution of the grain boundaries misorientation angle illustrated in figure 

3.9e and figure 3.9 f confirm a wider distribution of HAGBs in the range of the angle 

between 20°and 80° with a small fraction of LAGBs and TTWs in the as-rolled layer which 

disappeared after heat treatment. Dragomir et al. [129] studied hot rolled commercially 

pure titanium at 268 °C to a different reduction 40%-80%; they found that the (0001)PF 

was split to the RD in the initial state, and then the orientation become TD  at a higher 

strain of 80%. Bouhattate et al.[130] simulated experimental data of cold and hot-rolled 

commercial pure Ti texture with a different strain. They show that the (0001) PF split along 

of RD for the hot-rolled sample with a strain of 20% for both experimental and simulated.  

Figure 3.11 depicts EBSD inverse pole figure map, (0001) PF, and distribution of grain 

boundaries misorientation angles for as-rolled and annealed state sheet II. The Ti layers in 

the sheet II exhibited a similar texture as in the sheet I, which has confirmed the Ti layer 

subjected to low deformation stain in both sheets I and II. The average grain size was of 

2.86 µm and 4.41µm for as-rolled and annealed sheets, respectively, as shown in figure 
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3.10 a and  b. The (0001) PF shows single pole basal texture split to the RD by 35-45° 

towards RD from ND, as shown in figure 3.11c and figure 3.11d.   

Figure 3.11 Shows sheet II Ti layer in as-rolled and annealed state: (a-b) IPF map; (c-d) 

(0001) pole figure; (e-f)   distributions of misorientation angle. 

The distribution of the grain boundaries misorientation angle is shown in figure 

3.11e and figure 3.11f which exhibits HAGBs in the range of the angle between 20°and 80° 

with a small fraction of LAGBs and TTWs in the as-rolled sheet which was disappeared 

after heat treatment.  
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3.4.2. Mechanical Properties 

The mechanical properties were investigated by conducting nanoindentation and 

tensile tests at room temperature. The annealing heat treatment process could affect 

mechanical properties of the clad sheets. The effect of the clad sheets texture on the 

mechanical properties studied as well. 

3.4.2.1. Nanoindentation Test Results 

The nanoindentation is useful characterization technique which reflects the strength 

of the clad sheet layers. Nanoindentation test was conducted to study the mechanical 

properties of the clad sheets layers. Indentation test was performed on Ti/AZ31/Ti cross 

section for assembly sample, sheet I, and sheet II in as-rolled and annealed conditions, as 

shown in figure 3.12a. The hardness of the Ti layers is much higher than that of the AZ31 

layer in all conditions. After the hot-rolling, the hardness of the AZ31 layer enhanced while 

Ti layer showed slightly increasing. The hardness of as-rolled AZ31 layer is slightly higher 

than the AZ31 layer in the assembly sample, which is likely associated with twins, shear 

bands microstructures, and high texture intensity generated during the hot rolling process. 

Also, hardness measurements showed that increase in hardness values with increasing 

rolling reduction. This could be attributed to fine grain size and the increase in shear bands 

density[126, 131].  

The shear bands hardness has been discussed by Fatemi-Varzaneh et al.[83] in the 

AZ31 Mg alloy. Also, the shear bands may consider as a grain refining mechanism. Thus, 

the tensile strength of the clad sheets enhanced while reduced the ductility. 

Further annealing heat treatment, the hardness of the AZ31 layer was decreased. 

The hardness value decreased attributed to the recovery and recrystallization during heat 

treatment[126, 132]. Average hardness values of assembly sample, the clad sheet I and 

sheet II are shown in the figure 3.12b. The hardness of the annealed Ti layer is higher than 

that in assembly and as-rolled samples, which may associate with the diffusion of A1 to Ti 

side during heat treatment [72, 133, 134]. The nanoindentation load-displacement curves 

of the as-rolled and annealed clad sheet II are presented in figure 3.12c. A maximum load 

of 30 mN was applied, and the indentation depth in the range of 2000-3500 nm. The AZ31 

layer showed quite a difference in indentation depth before and father heat treatment. The 
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hardness values are increasing, and indentation depth decreasing are agree with the fact 

that hardness has increased with the higher resistance of the as-AZ31 layer to the indenter.   

3.4.2.2. The Tensile Properties of Clad Sheets 

Figure 3.13 a shows the stress-strain curves of the AZ31 and clad sheet II (as-rolled 

and annealed conditions). The tensile properties are summarized in figure 3.13b; for the 

ultimate tensile strength (UTS), 0.2% yield stress (YS), and the elongation in the RD and 

TD directions. The tensile tests were conducted at room temperature. The as-rolled sheets 

show that increased the flow stress and significantly decreased the elongation. The UTS 

and YS of as-rolled sheet II reached to 365 MPa and 280 MPa, respectively, which was 

 

                
  

Figure 3.12 (a) local nanoindentation evolution through the cross-section of the sheet II; (b) 

average hardness values of assembly sample, the clad sheet I and II; (c) nanoindentation load-

displacement curves of the sheet II.   
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~26% and 25% higher than that of AZ31 alloy (290 MPa and 224 MPa). The elongation 

was 13% which was ~ 23% lower than that of AZ31 alloy (17%). This is generally 

attributed to dislocation strengthening mechanisms during the hot-rolling process in which 

the higher density of dislocations and finer microstructures (twins and shear bands) are 

pinned the dislocations and caused strengthening in the AZ31 layer. In general, materials 

processed through severe plastic deformation showing very limited ductility due to the 

fine-grained microstructure. It is reported that shear bands and acts as stress concentration 

point which leads to failure the materials at low elongation [109, 110].  

 It can be seen that the annealed sheets exhibit lower UTS and YS than the as- rolled 

sheets which are a good agreement with the texture evolved after the heat treatment. The 

clad sheets mechanical properties are controlled by the components texture, and layered 

structural design. The elongation of the sheet II is significantly improved following the 

annealing treatment at 400°C for 12 h. The elongation reached 35% and 26% in RD and 

TD respectively which is ~51% and 35% higher than of as-received AZ31. The AZ31 is 

the largest constituent layer in the clad sheets which control the mechanical performance 

due to its sensitivity to cracks[135]. Therefore, the annealing heat treatment is highly 

significant. The texture evolution of the AZ31layer obtained by annealing heat treatment 

is the essential step to improve the sheets mechanical properties. On the other hand, the Ti 

cladding layer has better formability than the AZ31 alloy which may impose the maximum 

tensile stress. However, the Ti layers were subjected to work hardening due to mechanical 

cleaning and rolling process[95]. Therefore, Ti may fail at lower elongation since the 

annealing heat treatment carried out at a temperature lower than Ti recrystallization 

temperature. The mechanical performance of the clad sheet can be calculated using the rule 

of mixtures (eq.1) [135, 136]   

 𝜎𝑐𝑙𝑎𝑑 =  𝜎𝑇𝑖 ∗  𝑣𝑇𝑖+ 𝜎𝐴𝑍31 ∗  𝑣𝐴𝑍31 ……………………. (1) 

where  𝜎𝑐𝑙𝑎𝑑 is strength of the clad sheet, (  𝜎𝑇𝑖 ;  𝜎𝐴𝑍31 ) and (  𝑣𝑇𝑖 ; 𝑣𝐴𝑍31) are the 

strength and volume fraction of Ti and AZ31, respectively. The results show that the 

experimental result agrees with the theoretical calculation. The bonding strength between 

the AZ31/Ti plays a critical role on the mechanical properties of the clad sheets. It has been 

reported that the interface bonding effect the load transfer and the stress redistribution 

during the deformation [135, 136]. Kawamoto et al.[49] studied stain transfer through 
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Mg/Ti interface. They found that the Mg twinning is associated with Ti dislocation   motion. 

In this study, the AZ31/Ti interface crystallographic orientation is controlled by AZ31 

twining, which agrees with Kawamoto et al. conclusion; AZ31/Ti crystallographic 

orientation is provided in the supplementary materials. Brittle/ductile composite materials 

can sustain large plastic deformation without failure through the structure design such as 

layered, networks, and bi-layer. Huang et al.[136] studied the strain delocalization and 

constrained crack distribution of  layerd Ti/Al composite material. They found that 

constrain interface may restrect the extensvie crack and relieved the localized strain at the 

interface. The elongation of the sheet II in the RD and TD directions show 35% and 26%, 

respectively which is related to anisotropic properties of AZ31 layer texture. It can be seen  

that the YS of sheet depend in the sample direction; where the TD tensile samples show an 

increase of the YS and decrease of elongation comparing to the RD samples[95]. In 

addition, the mechanical properties of the sheet II is same as or higher than that magnesium 

alloy that processed by plastic deformation and annealed [81, 123, 131]. Therefore, the 

sheet II exhibits a combination of strength and ductility. Suggested that the shape of (0001) 

basal plane effect the planer anisotropy, which means the probability of activation slip 

systems according to Schmid factor in RD higher than TD[95, 119, 120].    

The sheet II presented ductility behavior higher than the AZ31, which is related to 

unique layered structural design. As shown in figure 3.13b, the annealed sheets II showed 

better mechanical properties than those of sheet I. The reasons for this variations can be 

related to the bonding strength between the Ti/AZ31, which enhanced as a function of large 

rolling reduction and post heat treatment. This is a further support to the effect of the 

interdiffusion layer on the interface strength. 
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Figure 3.13 (a) stress-strain curves of the AZ31 and clad sheet II in as-rolled and annealed 

conditions; (b) summarized average of the UTS, YS, and the elongation. 

3.4.2.3. Fracture morphology of clad sheets 

The fracture surface of the sheet II in as-rolled and annealed conditions are shown in figure 

3.14 The fracture was governed by the failure of the AZ31 layer, nucleation, and growth of cracks. 

Compared the failure surface of the sheet II before and after annealing treatment, the Ti layers in 

both conditions show equiaxed dimples on the failure surface, which leads to ductile fracture of 

the Ti layer, as shown in figure 3.13a and figure 3.13b. Figure 3.9c shows surface of as-rolled 

AZ31 layer with large voids (indicated by red circle), shear bands (indicated by blue arrow), and 

tear ridges (indicated by yellow arrow). The fracture surface features are typical intergranular 

fracture which occurs due to high dislocation densities (shear bands). As a result, shear bands areas 

are potential stress concentration sites which susceptible to void and crack formation starts early. 

This causes reduction of the clad sheet ductility [109]. After annealing, the AZ31 layer exhibits 

ductile fractures with fine equiaxed dimples that leads to significant increase in tensile ductility, 

as shown in figure 3.14d. Thus, modifying shear banding structure can lead relatively high 

elongation. Subsequent annealing heat treatment is believed to recovery and recrystallization of 

the deformed materials, which lead to homogenous microstructure and delay the cracking 

formation in AZ31layer.   

 

 (b) 

 (b) 

 (a) 
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Figure 3.14 The SEM of tensile fracture profile of the Sheet II (a) as-rolled and (b) 

annealed-Ti layer; (e) as-rolled and (f) annealed-AZ31-layer. 

3.5. Conclusions 

1. The single-pass hot-rolling followed by heat treatment is a successful way to 

fabricate lightweight Ti/AZ31/Ti clad sheets with excellent corrosion resistance 

and mechanical properties.  

2. The tensile test was performed at RT for as-rolled and annealed clad sheets which 

reflect the heat treatment on the changes of the microstructure and texture.  

3. The AZ31 layer controlled the tensile properties of the clad sheets since it is the 

major component of the clad sheet. The clad sheets showed strong basal texture in 

the AZ31 layer due to twins and shear bands. 
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4. The shear bands were caused by the strain localization which leads to failure of the 

sheets at lower elongation. The texture of the AZ31 layer was significantly 

improved after the annealing heat treatment (i.e., SRX) for 400 ◦C for 12h.  

5. The clad sheets elongation was improved flowing annealing heat treatment which 

can be explained by the texture evolution in the AZ31 layer and interfacial bonding 

strength between the Ti-AZ31. The sheet II showed the best mechanical properties 

with the YS, UTS, and elongation reaching 215MPa, 313MPa, and 35% 

respectively in the RD and 240 MPa,  306MPa and 26 % respectively in the 26.46 

TD. 
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Figure 3.S1 Illustrates the interface of annealed clad sheet II. 
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Figure 3.S2 Shows Mg/Ti interface crystal orientation using EBSD[32]. 

 

 

 

Figure 3.S3 Shows the interface of as-rolled and annealed clad sheet I &II. 

 

AZ31 

Ti 

Ti 

AZ31 

Annealed sheet II As-rolled sheet II 

AZ31 

Ti 

AZ31 



54 
  

 

 

 

Figure 3.S4 Shows the interface line scan of as-rolled and annealed clad sheet I &II. 
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 Figure 3.S5 Shows the interface map scan of clad sheet I &II. 
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CHAPTER 4. Microstructure and mechanical properties of Ti particles reinforced AZ31 

–Mg alloy matrix composites through ARB and subsequent annealing 

4.1. Summary 

This work aims to study the effects of dispersed pure titanium particles (150 mesh) with 0, 

2.3, 3.5, 4.9, and 8.6 wt. % on the microstructure and mechanical properties of AZ31-Mg 

alloy matrix. Mg-Ti composites were processed through a three accumulative roll bonding 

(ARB) process using thickness reductions of 50% each pass followed by heat treatment at 

400 °C for 12 h in an argon atmosphere. Mechanical properties of Mg-0 and Mg-2.3Ti 

composite were enhanced by ~ 8% and 13 % in YS and ~ 30% and 32 % in UTS, 

respectively. Meanwhile, the elongation of the composite was decreased by 63% and 70%. 

After heat treatment, the results showed a decrease in yield strength and increased in the 

elongation to fracture. The mechanical properties of the Mg-0 and Mg-2.3Ti composite 

were enhanced; ultimate tensile strength by 9% and 7%, and elongation by 40% and 67%, 

while the yield strength was decreased by 28% and 36% compared with the initial AZ31. 

Enhancement of strength and ductility were developed based on the operation of two 

mechanisms: developing a random matrix texture by ARB, and dispersion of ductile 

titanium particles. ARB is an efficient process to fabricate an Mg-Ti composite material. 
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4.2. Introduction 

Magnesium is lighter than aluminum and steel by 35% and 78%, respectively. 

Magnesium-based composite materials have become more attractive in the transportation 

industry and aerospace applications due to their combined desirable properties such as 

lightweight, high strength, and high recyclability. Magnesium alloy AZ31 (Mg-3%Al-

1%Zn) has been used in industrial applications because of its good mechanical properties, 

damping characteristics, machinability, and low casting costs[53, 137]. However, it is 

difficult to form Mg alloys at an ambient temperature because  Mg alloys have a hexagonal 

close-packed (HCP) structure [138], and the axial ratio(c/a) is 1.624 smaller than the ideal 

value[32]. Only the basal slip system is active at room temperature, while the other slip 

systems (prismatic and pyramidal) are inactive. Therefore, insufficient plastic deformation 

occurs at room temperature [36-39]. During severe plastic deformation processing high 

temperature (i.e., hot rolling and extrusion), other non-basal slip systems or twinning 

systems are activated. In general, HCP materials have slip systems: basal { 0001} < 0211

>, prismatic { 0110 } < 0211 > and pyramidal { 1110 } < 0211 > [33, 34]. Therefore, the 

texture control is an effective way to enhance the ductility of Mg and its alloys at room 

temperature[139]. Severe plastic deformation (SPD) is a process in which a large strain is 

applied at a temperature below recrystallization temperature without thermal treatment to 

produce ultrafine-grained (UFG) structures. There are several processes which have been 

developed to produce high strain in metals accompanied with changes in sample 

dimensions such as equal-channel angular pressing (ECAP), high-pressure torsion (HPT), 

multi-axial forging (MAF), and accumulative roll-bonding (ARB)[37, 140-143].  

Composite materials are alternating which have significant advantages due to the 

combination of their desirable properties, such as strength and ductility. Ceramic and 

intermetallic compounds were employed as reinforcements to Mg- alloys such as SiC, TiC 

and TiB2, Al203, and graphene nano-platelets [144-148]. However, all of these hard and 

brittle reinforcements lead to a decrease in the ductility of the composites[52]. Alam et al. 

[54] claimed that there is an improvement in the microstructure and mechanical properties 

of AZ41 and AZ50 Mg alloys by adding nano-sized Al2O3 particles and Ca. Mg-based 

composites can improve formability and toughness by the dispersion of ductile particles, 
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which are deformed plastically with stress lower than the maximum strength of the Mg 

matrix. The dispersion particles prevent stress concentration and cracking at Mg grain 

boundaries. Ti has been reported as a suitable dispersoid because it has a very low solid 

solubility, and there is no affinity and no intermediate reaction layer in the Mg-Ti binary 

phase diagram [22, 32, 50-52].  Kitazono et al. [53] synthesized Mg/Ti composites by 

accumulative diffusion-bonding (ADB). The mechanical properties of the AZ91Mg alloy 

were improved by the dispersion of Ti particles in the AZ91matrix. They suggested that 

the development of a random texture improved ductility due to severe plastic deformation 

and stress relaxation in Ti particles. Esen et al. [19] prepared Ti–Mg composite rods by hot 

rotary swaging from elemental powders of titanium and magnesium. The composite was 

in-vivo tested in Ringer’s solution which can be used in the human body. In this study, Ti 

particles (0, 2.3, 3.5, 4.9, and 8.6 wt. %) were used to improve AZ31 ductility. We proposed 

the accumulative roll bonding (ARB) process which is known as a useful severe plastic 

deformation technique to fabricate metal-metal composites material. The materials 

synthesized were studied for microstructural and mechanical properties. The reinforced the 

composites with Ti particles were compared to that of unreinforced samples.  

4.3. Materials and Experimental procedures 

AZ31 magnesium alloy (Mg–3wt. % Al–1 wt. % Zn, provided by Magnesium 

Elektron) was used as a matrix, and high purity (99.9%) titanium particles (spherical -150 

mesh, provided by Alfa Aesar) were added as ductile reinforcements. The AZ31 sheet was 

0.80±0.1mm in thickness. The samples were 25mm in width 50mm in length, and 0.80±0.1 

mm in thickness (5ply plates) of the AZ31 with five weight percentage of Ti 0, 2.3, 3.5, 

4.9, and 8.6 as starting materials. The samples were named as (Mg-0 Ti, …, Mg-8.6 Ti) in 

correspondence to the Ti weight percentage in the composite.  Before stacking the AZ31 

layers, the Ti particles were distributed on the bonding interface. First, the samples were 

assembled by the uniaxial hot press with a load of 5 tons at 300 °C for 20 min to bond the 

AZ31 layers and avoid Ti particles oxidation [53]. Opposite corners of the assembled 

samples were fastened tightly by steel wires to prevent sliding of the AZ31 layers during 

ARB. Second, the assembly samples were heated in an argon atmosphere furnace at 450°C 

for 15 min, and then three ARB cycles were done using thickness reductions of 50% each 

pass [140]. The detailed schematic diagram of the ARB process is illustrated in figure 4.1.  
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Figure 4.1 Schematic diagram of the ARB process. 

The ARB process was carried out without lubricant using rolling mills with 101.15 

mm diameter.  After each ARB cycle, the sample was cut into two halves using a shear 

cutting machine, surface treatment, assembly, and rolled [66, 149]. To achieve good 

bonding between layers, the AZ31 plates were decreased by an ultrasound bath using 

acetone for 15 min and roughened using a rotating “stainless steel” wire brush [8, 11, 150]. 

Surface treatment was done for the assembly samples and between the ARB cycles. Heat 
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treatment was carried out at 400 °C for 12 h in an argon atmosphere. Optical microscopy 

(OM), X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive 

spectroscopy (EDS), electron backscatter diffraction (EBSD), nanoindentation, and tensile 

tests were used to characterize the samples before and after heat treatment. The samples 

were mounted using a non-conductive epoxy. The surface was prepared using silicon 

carbide abrasive papers for grinding and MasterPolish (0.05 µm) polishing liquid with a 

ChemoMet cloth for mechanical polishing. Electrochemical polisher was used to polish 

AZ31 matrix; an electrolyte (methanol: ethanol: nitric acid = 10:10:3) at room temperature 

and voltage of 27-30V to obtain high-quality EBSD patterns[49, 100]. EBSD was 

performed on the as-rolled and annealed samples Mg– 0 Ti and Mg– 4.9 Ti using FEI 

(Helios NanoLab 660) equipped with an electron backscatter diffraction (EBSD) system. 

The EBSD data were analyzed using HKL channel 5 software. Hardness was evaluated by 

nanoindentation (Agilent G200). The tensile tests conducted at room temperature with a 

strain rate of 0.5mm/min. Tensile specimens with 10mm gauge length were machined by 

an electric discharge machine (EDM) in rolling direction (RD) [76]. 

4.4. Results and discussion 

4.4.1. Effect of accumulative roll bonding (ARB) on the microstructure 

Optical micrographs of the ARBed Mg– 4.9 composites materials are shown in 

figure 4.2. It can be seen the bonding line and agglomeration of the Ti particles in the first 

ARB cycle (figure 4.2a). The Ti particle distribution in the AZ31 matrix became more 

uniform after the second and third ARB cycles, as shown in figure 4.2 b-d. The bonding 

lines disappeared after the three ARB cycles which indicate that ARB is an effective 

process to fabricate Mg-Ti composite material [39, 142, 151, 152].  In this study, several 

weights percentages of Ti particles (0, 2.3, 3.5, 4.9, and 8.6) were added to the AZ31 matrix. 

The microstructures of the AZ31-Ti composite with four different weight contents of Ti 

after three ARB cycles are shown in figure 4.3. The composite material showed no visual 

defects such as interface debonding, cracks, or pores after three ARB cycles for both 

AZ31/AZ31 and Ti/AZ31 interfaces. 

The Ti particles were quite uniformly distributed without agglomeration in the 

matrix; neither clusters of Ti particles nor new phases were created during the ARB process 

AZ31 
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[22, 52]. Figure 4.4 shows X-ray diffraction patterns of AZ31, Ti- particles, Mg–4.9 Ti, 

and Mg–4.9 Ti in annealed condition after three ARB cycles. 

Furthermore, no changes of the Ti particle shape or particle size were detected during 

ARB cycles. This is related to the high strength of Ti, and the flow deformation of the 

matrix is not enough to deform the Ti particles. It has been reported that the particles shape 

and size may affect the mechanical properties of the composite materials [22, 53]. In this 

work, the Ti reinforcement particles found with round edges, therefore no stress 

concentration would occur due to sharp edges[153, 154].  The total reduction and 

equivalent plastic strain can be calculated from equations 1and 2[17, 155]. 

Total reduction (%) =(1 −
1

2𝑛) × 100                                           (1) 

Equivalent plastic strain 𝜀 = 𝑛 (
2

√3
 ) ln (

1

2
) = 0.8𝑛                       (2) 

where n is the number of ARB cycles 

 

 

  

Figure 4.2 Microstructure of the Mg–4.9Ti composite processed by accumulative roll 

bonding. (a) ARB1, (b) ARB2, (c) ARB3, (d) high magnification of (c). 
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Figure 4.4 Shows X-ray diffraction patterns of AZ31, Ti- particles, Mg–4.9 Ti , and Mg–

4.9 Ti annealed. 

  

  

Figure 4.3 The microstructure of the composite processed by three ARB passes. (a) 

Mg–0 Ti, (b) Mg–2.3 Ti, (c) Mg–3.5 Ti and (d) Mg–8.6 Ti.   
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4.4.2 Texture analysis 

To study the effect of Ti addition on the AZ31 matrix texture, EBSD was conducted for 

the as-ARBed and annealed condition for the Mg–0 Ti and Mg–4.9 Ti samples after three 

ARB cycles. The results of texture analysis based on the EDSD scan was performed on the 

TD plane. SEM images and pole figures corresponding to the AZ31 matrix of a composite 

structure Mg–0 Ti and Mg–4.9 Ti are shown in figure 4.4. Dynamic recrystallization (DRX) 

has taken place in the AZ31 matrix where recrystallized grains grew by the migration of 

grain boundaries during the ARB process. As shown in figure 4.5a, the microstructure of 

Mg–0 Ti was populated by recrystallized grains. In addition, heating between ARB passes 

may cause partial recrystallization and remove the accumulated strain [39, 142]. The (0001) 

PF showed strong basal texture with maximum pole intensity of 16.04, which tilted at 15° 

away from normal direction ND toward TD, as shown in figure 4.5(a-1). Zhan et al.[39, 

142] have reported improved mechanical properties of the AZ31 after three ARB cycles at 

300 °C and 400°C with 50% reduction. According to them, the basal texture was weakened 

as a result of repeating the ARB process and the DRX, which agrees with my research 

results. 

 

To further understand the effect of Ti particles (Mg–4.9 Ti) on the AZ31 matrix 

texture, the EBSD scan was conducted at two sites. Site1 was in areas without Ti particles 

and site2 around Ti particles, as shown in figure 4.4b and 4.4c, respectively. Recrystallized 

grains were found in the site1 which is similar to Mg–0 Ti matrix, as shown in figure 4.5 

b. Also, the (0001) PF showed a strong basal texture with maximum pole intensity of 12.63 

and tilted at 15° away from ND toward TD, as shown in figure 4.5 (b-1). Pérez et al. [50]. 

has studied Mg-Ti composites (5 to 15 vol. % of Ti) processed by powder metallurgy 

followed by hot extrusion at  400°C. According to them, the basal texture intensity 

decreased with increasing Ti volume fraction. Elongated matrix grains formed in the 

vicinity of the Ti particles in site2 (figure 4.5c), which means a strong interaction between 

AZ31 and Ti particles during the ARB process. The Ti particles resist the AZ31 

deformation flow that leads to forming the AZ31 fiber texture around Ti particles [22, 52]. 

The site2 showed a strong basal texture with maximum pole intensity of 15.12 and -5° 

away from normal direction ND toward TD, as shown in figure 4.5(c-1). The Ti particle 
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zones were disturbed by the texture to re-arrange. In addition, Ti particles are located 

between the stacking AZ31 sheets during the ARB process, so that the texture changes 

from rolling texture to the large shear texture (site2) between bonded surfaces [156]. Thus, 

the AZ31 texture intensity is high in the vicinity of the Ti particles. 

Heat treatment was carried out at 400 ºC for12h to relive the internal stress in the 

matrix during the ARB process. EBSD was used to analysis the texture changes after post 

heat treatment. Figure 4.6 shows SEM images and the pole figures of the Mg-Ti composites 

 

 

 

 

 

 

 

 

 

 

 

  

  

Figure 4.5 SEM and pole figures corresponding to AZ31 matrix after three ARBed cycles: 

(a) Mg–0 Ti, (b) Mg–4.9 Ti site 1, (c) Mg–4.9 Ti site 2. 
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with Mg–0Ti and Mg–4.9 Ti after three ARB passes. Static recrystallization (SRX) and 

grain growth occurred upon heat treatment. As shown in figure 4.6a- c, the grains become 

larger and more equiaxed, and the matrix fiber texture around the Ti particles disappeared. 

Furthermore, the basal texture intensity was weakened due to static recrystallization during 

heat treatment. The comparison of the pole figures of the ARBed and annealed samples 

reveals that the heat treatment has significantly influenced the texture intensity. The basal 

texture intensity of the Mg–0Ti sample was reduced from 16.04 to 7.16. The (0001) PF 

shows multi basal poles along the TD, as shown in figure 4.6(a-1). Also, the EBSD was 

conducted in two sites for the sample with Mg–4.9 Ti. Site1 shows lower basal texture 

intensity than the as-rolled condition where the (0001) PF reduced from 12.63 to 9.65 

(figure 4.6(b-1)), while the site2 (0001) PF was reduced from 15.12 to 6.20, as shown in 

figure 4.5(c-1).  

  

4.4.3. Hardness measurements 

Nanoindentation measurements were conducted on polished samples before and 

after heat treatment. Berkovich indenter was used with a test load of 30 gf and a dwell time 

of 15 s. The hardness tests were conducted randomly on the Mg-Ti composite material, 

and the averages of the values were reported. Figure 4.7 shows the room temperature 

results of the nanoindentation measurements of as received AZ31 and Mg-Ti composite 

materials reinforced with different Ti content. The result reveals that the hardness values 

were significantly increased after three ARB cycles compared to initial hardness of the 

AZ31. In addition, the hardness values increased with an increase in the weight percentage 

of Ti content in the matrix. The hardness value was 0.85, 0.95, and 1.025 GPa for the as-

ARBed condition of the Mg-0 Ti, Mg-4.9 Ti, and Mg-8.6 Ti, respectively. The hardness of 

the unreinforced Mg-0 Ti and Mg-4.9 Ti has increased by about 43% and 60%, respectively, 

compared to the AZ31. This is attributed to: (a) grain refining during ARB, (b) the 

formation of localized plastic deformation (fiber texture) around the Ti particles, which 

was caused by plastic deformation incompatibility between the reinforcement and matrix, 

and (c) the presence of relatively harder phase Ti particles in the matrix [22, 52, 55, 153]. 

Furthermore, the internal stresses developed in the metal matrix composite materials, 

https://en.wikipedia.org/wiki/Berkovich_tip
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which caused by various factors. It has been reported that the increase of the Ti particle 

fraction leads to increase in internal stress between Ti reinforcement and matrix due to the 

differences in their thermal expansion coefficients and the modulus of elasticity [157, 158].  

Softening behavior and stress relieve upon heat treatment of the metal matrix 

composite materials were investigated [159, 160]. Figure 4.7 shows the hardness as a 

function of Ti content in the matrix. The hardness decreased after heat treatment at 400 °C 

for 12h. This may be attributed to the relaxation of the internal stress and grain coarsening 

during heat treatment. It can be seen that the recrystallization has changed the texture of 

the ARBed materials completely (figure 4.5). The hardness values were 0.61, 0.78, and 

0.79 GPa for the Mg-0, Mg-4.9, and Mg-8.6 wt. % Ti, respectively. The hardness of the 

                  

            

              

 

Figure 4.6 SEM and pole figures corresponding to AZ31 matrix after three ARBed 

cycles and annealing heat treatment: (a) Mg–0 Ti, (b) Mg–4.9 Ti site 1, (c) Mg–4.9 Ti 

site 2. 
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as-received AZ31 increased by ~ 3.5% and 32.5% compared to Mg-0 Ti and Mg-4.9 Ti, 

respectively.  

 

Figure 4.7 Nanoindentation measurements of as received AZ31 and Mg-Ti composite 

material reinforced with different Ti content. 

 

Figure 4.8 Room temperature tensile properties of AZ31-Ti composite materials. 

4.4.4. Tensile test measurements 

Figure 4.8 shows the ultimate tensile strength (UTS), 0.2% yield strength (YS), and 

elongation of the composites as a function of the weight percentage of Ti particles before 

and after heat treatment. The results show that the UTS and YS of the as-ARBed composite 

were enhanced after three ARB cycles when compared to the initial AZ31. The Mg–0 Ti 
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and Mg-2.3 Ti have the highest strength values. The Mg-0 and Mg-2.3Ti composites 

showed ~ 8% and 13 % higher YS and ~ 30% and 32 % higher UTS, respectively. 

Meanwhile, the elongation of the composite decreased by 63% and 70% for the Mg-0 and 

Mg-2.3Ti composite, respectively. The remarkable increases in the UTS and YS were 

attributed to grain refinement and fiber texture developed around Ti particles during ARB 

[157, 158]. Dislocations formed around the Ti particles due to plastic incompatibility 

between the Ti and AZ31- matrix. The high-density of dislocations in the matrix further 

increased the mechanical properties of the composite. The presence of the second phase in 

the composite matrix could restrict the dislocation motion in the matrix, leading to an 

increase in the YS [51]. However, a decrease in tensile properties with increasing Ti 

content could be related to the bonding strength between matrix and Ti particles (poor 

interfacial bonding). Furthermore, stress concentration developed around the 

reinforcement under tensile load, which may cause local damage when the local stress is 

higher than the bonding strength of the matrix and reinforcement particles. Therefore, the 

unreinforced (Mg-0Ti) shows higher mechanical properties in comparison to the other 

reinforced matrix which is related to absent of local damage in the matrix (interface 

debonding)[51]. As discussed in the texture section, the texture intensity is significant in 

understanding the influence of Ti particulates on matrix tensile properties. In general, Mg 

alloys deformed by different dislocations slips systems and twinning which associated with 

critical resolved shear stress (CRSS) which depend on the orientation of the crystal.  

Heat treatment, at 400 C for 12 h in atmospheric argon, was conducted on ARBed 

samples to reveal the texture and SRX effect on the tensile properties. Subsequent 

annealing produces a 5% decrease in the UTS and YS, and simultaneously the elongation 

increased up to 24.2 and 29.1 for the Mg-0 and Mg-2.3Ti composite in comparison to the 

ARBed samples, respectively. Figure 4.6 shows that annealing led to decrease in the texture 

intensity of the basal when compared with as-ARBed the basal texture intensity. As 

discussed in the previous section, the SRX has the major role in softening the metal 

composite matrix. Improvement in the elongation following the heat treatment is consistent 

with the texture evolution and matrix internal stresses relief. Comparing to the initial AZ31, 

the results showed a decrease in yield strength and an increase in the elongation to fracture. 

The UTS is higher than the initial AZ31 while the YS shows a sharp decrease. The 
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mechanical of properties were enhanced by adding 2.3wt. % of Ti; ultimate tensile strength 

by 7%, and elongation by 62%, while the yield strength was dropped by 36%. Also, the 

YS of the reinforced composite is lower than the unreinforced (AZ31-0 Ti), which agrees 

with the results reported by Pe´rez-Prado et al.[50]. Hence, the change in mechanical 

properties upon heat treatment, especially the increase in ductility with a small decrease of 

strengths, can be attributed to (a) relief of residual stresses in the matrix around the Ti 

particles, (b) an increase in the average grain size, and (c) a reduction of the basal texture 

intensity due to SRX. Based on the above results, the ARB followed by heat treatment 

strongly contributed to the enhancement in the strength and ductility of the composites 

compared with AZ31. 

Table 4.1 summarized the available tensile properties and their fabrication methods 

for AZ31 and pure Mg- base composites with reinforcements by hard and ductile particles 

such as SiC, Al2O3, and Ti.  From the table 1, it can be seen that ARB is a more significant 

process in making Mg-Ti composites than the other processes available in the literature.  
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Table 4.1. Comparison between this study and literature of Mg-Ti composite materials. 

Material Method of Preparation 0.2% YS (MPa) UTS (MPa) Elongation 

(%) 

AZ31B  225 302 17.4 

Mg-0 Ti 

 

ARB 243 393 6.47 

ARB and annealed 175 324 24.2 

Mg -2.3 Ti ARB 255 399 5.3 

ARB and annealed 165 320 29.1 

Mg-3.5 Ti ARB 227 362 5 

ARB and annealed 161 295 19.6 

Mg-4.9 Ti ARB 220 350 4.3 

ARB and annealed 160 289 19.2 

Mg-8.6 Ti 

[Present 

study] 

ARB 197 348 4 

ARB and annealed 140 247 13.6 

ZK51 [161] Hot extrusion 229 315 8.5 

ZK51-SiC  302 355 3.2 

ZK51-Ti   295 386 16.9 

Mg [50] Hot extrusion 233±3 256±3 4±0.5 

Mg-5Ti  201±5 223±10 5.5±1 

Mg-10Ti  200±4 225 6±1 

Mg-15Ti   196±5 215±8 5±1 

Mg-0Ti[52] Spark plasma sintering and 

hot extrusion 

182 223 14.3 

Mg-1Ti  180 221 16.1 

Mg-3Ti  184 224 14.9 

Mg-5Ti   179 218 15.5 

AZ31B/ 

Al2O3[162] 

Hot extrusion 204±8 317±5 22±2.4 

AZ31 

matrix [145] 

AZ31-SiC  

Hot rolling 

 

208 

258 

269 

308 

16.9 

5.4 
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Figure 4.9 SEM of factured surface of tensile test samples for heat treated sample: 

(a-b) Mg–0 Ti, (c-d) Mg–2.3 Ti, and (e-f) Mg–8.6 Ti. 
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In addition, the tensile properties of the composites after heat treatment are superior to 

those of the Mg alloys such as pure Mg, and ZK51, and AZ31 alloys made by extrusion 

and rolled condition. 

Further analysis needs to be done to test these materials for corrosion, damping, 

fatigue, and high temperature tensile. Studying the electrochemical property can provide a 

better understanding of using the Mg-Ti composite materials for biomedical applications. 

4.4.5. Fracture behavior 

Fracture surface investigation was conducted on the fractured tensile samples which 

provide a deep understanding of fracture mechanisms of the composite materials. Figure 

4.9 shows the fractured surface for heat treated Mg-0 Ti, Mg-2.3 Ti, and Mg-8.6 Ti. The 

fractured surfaces show dimples formed in the AZ31matrix and debonding of Ti particles, 

suggesting ductile fracture. The dimples on the fracture surface represent the plasticity of 

the AZ31 matrix after heat treatment which is consistent with the ductility results obtained 

from tensile testing (figure 4.8). 

The Ti particles in Mg-2.3 Ti and Mg-8.6 Ti samples are observed at the fractured 

surface. This means that there is poor bonding between the Ti particles and AZ31 matrix. 

This led to the fracture of the composite at low tensile strength values due to limited load 

transfer between the matrix and Ti particles. However, the Mg-2.3 Ti sample (figure 4.9 d) 

shows that cracks extended from the Mg-matrix into the Ti particle. This indicates load  

transfer from the AZ31 matrix to the Ti particle which increases the ductility of the 

composite due to large stresses carried by the Ti particles. This behavior shows the benefit 

of introducing ductile reinforcements to the AZ31 matrix in comparison to that of those 

hard particles reinforcements [163, 164]. In this research, the fracture pattern is consistent 

with previous research [22, 52, 153, 159, 165]. 
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4.5. Conclusions 

The Ti particle dispersion AZ31 was successfully processed through ARB process. The 

microstructure and mechanical properties were evaluated. The results can be summarized 

as follows: 

1.  Mg-Ti composite materials with different Ti content (Mg–0 to Mg–8.6 Ti) can 

successfully be made by ARB. Addition of Ti particles improves the UTS, 0.2%YS, 

and degrades the ductility of the composite for as-ARBed condition, whereas post 

heat treatment leads to significant decrees of the UTS, 0.2% YS and a significant 

increase of the ductility to fracture.  

2. Detailed texture studies using EBSD analysis revealed recrystallization and 

residual stress relieve due to heat treatment when compared to the as-ARBed (non-

heat treated composites). 

3. Mechanical properties of the heat treated composites showed a significant increase 

in ductility with a reduction in yield strength which is caused by texture weakening 

due to matrix recrystallization.  

4. Ti particle reinforced magnesium and its alloys can be superior to that of using hard 

reinforcing particles such as SiC and Al2O3. 

5. The fracture of Ti particles was the main failure mechanism in the Mg/Ti 

composites.  

6. Ti particles could be used as ductile reinforcement for the ductility of magnesium 

matrix composite materials.  
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CHAPTER 5. Conclusion and Future Work 

5.1. Overall Conclusions 

The present research contributes to the understanding of the Mg-Ti composite 

materials and develops new lightweight materials. The composite materials were prepared 

through cladding, multi-layered, and Ti particles addition to AZ31-Mg alloy matrix. The 

Mg-Ti sheets were processed successfully with the single-pass hot roll-bonding (RB) and 

accumulative roll-bonding (ARB). The microstructure and texture evaluation were 

investigated, and the mechanical properties were evaluated using microhardness and 

tensile tests at room temperature. The conclusions drawn from this research are: 

5.1.1. Ti/AZ31 multilayer structures 

1. Plastic deformation (rolling deformation) and heat treatment cannot cause the 

formation of intermetallic compounds near the AZ31/Ti interface. 

2. There exists inter-diffusion of Ti, Mg, and Al across the AZ31/Ti interface, which is 

driven by the concentration gradient. The plastic deformation associated with the 

thickness reduction enhances the inter-diffusion.  

3. The thickness of the inter-diffusion layer increases with the increase of the annealing 

time and the thickness reduction. 

4. The indentation hardness of the AZ31 plates in the sandwiched structures decreases 

with increasing annealing time due to the grain growth and the decrease in the 

dislocation density. 

5. For the same heat-treated sandwiched structures, the bonding strength increases with 

thickness reduction; for the same sandwiched structures, the bonding strength increases 

with increasing annealing time and temperature. 

6. Under tensile loading, the AZ31 plate fails first in the sandwiched structures. 

 

5.1.2. Titanium Clad-AZ31 Magnesium 

1. The single-pass hot-rolling and annealing heat treatment is a successful way of 

fabricating lightweight Ti/AZ31/Ti clad sheets with excellent corrosion resistance 

and mechanical properties.  
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2. The tensile test was performed at RT for as-rolled and annealed clad sheets; the 

tensile test results can be correlated with the changes in the microstructure and 

texture caused by heat treatment.  

3. The AZ31 layer controlled the tensile properties of the clad sheets since it was the 

major component of the clad sheet. The clad sheets showed strong basal texture in 

the AZ31 layer due to twins and shear bands. 

4. The shear bands were caused by the strain localization which leads to failure of the 

sheets at lower elongation. The texture of the AZ31 layer was significantly 

improved after the heat treatment (i.e., SRX) at 400 ◦C for 12h.  

5. The clad sheets elongation was improved by heat treatment. This can be explained 

by the texture evolution in the AZ31 layer and interfacial bonding strength between 

Ti and AZ31. The sheet II showed the best mechanical properties with the YS, UTS, 

and elongation reaching 215MPa, 313MPa, and 35% respectively in the RD and 

240 MPa,  306 MPa and 26 % respectively in the 26.46 TD. 

 

5.1.3. Ti particles reinforced AZ31-Mg alloy matrix composites 

1. Mg-Ti composite materials with different Ti content (Mg–0 to Mg–8.6 Ti) can 

successfully be produced via (ARB). Addition of Ti particles improves the UTS, 

0.2%YS, but degrades the ductility of the composite for ARBed condition, whereas 

post heat treatment leads to significant improvement in the UTS, 0.2% YS and a 

significant increase in the ductility to fracture.  

2. Detailed texture studies using EBSD analysis revealed recrystallization and 

residual stress relieve due to heat treatment when compared to the as-ARBed (non-

heat treated composite). 

3. Mechanical properties for heat treated composite showed a significant increase in 

ductility values with a reduction in yield strength which is related to texture 

weakening due to matrix recrystallization.  

4. Ti particle reinforced magnesium and its alloys can be superior to that of hard 

reinforcing particles such as SiC and Al2O3. 

5. Fracture surface characterization the Mg/Ti composites revealed that Ti particle 

fracture was the main failure mechanism. 
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6. Ti particles could be used as ductile reinforcement for the ductility of magnesium 

matrix composites materials.  

 

5.2. Recommendations for future work 

In the current study, Mg-Ti materials are produced using severe plastic 

deformation techniques followed by heat treatment. The results showed that mechanical 

properties were improved due to the changes in the texture of AZ31 matrix and Ti as 

ductile dispersions. 

Further investigation are recommended to develop this composite material. Future work 

can be divided into the following research areas: 

1. The bonding strength of the Mg/Ti can be significantly influenced by reduction 

percentage and post heat treatment.  Future studies should focus on the 

development of heat treatment temperature and time, in which the bonding 

strength of the Mg/Ti interface can be optimized. 

2. Formability of the Mg-Ti at an elevated temperature should be investigated. 

3. The effect of adding an intermediate layer (aluminum or zirconium) between 

AZ31 and Ti on the bonding strength should be studied. 

4. The microstructure and texture of Mg/Ti interface should be investigated for deep 

understanding the structural failure during the uniaxial tensile test; strain and 

energy transfer through the AZ31/Ti interface. 

5. The structural design effect of Mg-Ti should be optimized to find the ideal 

combination of multilayers Mg-Ti for engineering applications.  

6. Corrosion behavior of Mg-Ti should be investigated. 
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