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ABSTRACT 
 
 

      Multilayered Ti/Al/Nb composites were produced by the accumulative roll bonding (ARB) 

process utilizing pure Ti, Al and Nb element sheets. Up to four cycles of ARB were applied to 

the composites. The microstructure and texture evolution of the elemental Nb, Al and Ti phase 

was studied by X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning 

electron microscopy (SEM) and electron backscattered diffraction (EBSD). Nanoindentation was 

performed as well. Nb and Ti layers necked and fractured as the number of ARB passes 

increased. After four ARB cycles, a nearly homogeneous distribution of Nb and Ti layers in an 

Al matrix was achieved.  

      The as-received Nb sheet exhibited a fully lamellar structure and had a strong cold rolling 

texture. After subjecting to ARB, slight grain refining was observed and the high angle grain 

boundary (HAGB) fraction was increased. The intensity of the α-fiber texture was weakened 

while that of the γ-fiber texture was strengthened during ARB. The texture evolution was 

attributed to partial recrystallization during the ARB process as a result of adiabatic heating.  

      In the Al phase, grain refinement occurred with increased ARB cycles as a result of the 

increased fraction of HAGBs. Strong recrystallization texture occurred for samples subjected to 

increased ARB cycles as  a result of the adiabatic heating produced. The shear bands at the Ti/Al 

interface reduced the intensity of the cold rolling fiber textures of Al. There was no evidence of 

shear component from the orientation distribution function (ODF) results. 

      Twinning was observed in the Ti phase for all stages of deformation but had little influence 

on microstructure. Grain refinement was achieved as a result of the accommodating of shear 
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bands to the limited slip system of Ti. Recrystallization occurred at higher ARB cycles as a result 

of adiabatic heating. The Schmid factor shows that Basal and prismatic slip systems dominate at 

low ARB cycles, while at higher deformation,  the first-order and second-order pyramidal slips 

are active. 
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CHAPTER 1 

LITERATURE REVIEW 
 

1.1  Gamma Titanium Aluminides 

      Intermetallics, or intermetallic compounds, are metallic phases containing more than one 

element.  They have an ordered arrangement of mixed atom species of metal-metal or metal-

semimetal types, generally in a near stoichiometric composition. Many intermetallic compounds 

display an attractive combination of physical and mechanical properties, including high melting 

point, low density and good oxidation or corrosion resistance [1]. 

    The most widely studied intermetallics in structural, heat-resistant and corrosion resistant area 

include aluminides of titanium, nickel, iron, molybdenum and niobium [1]. Among these 

intermetallics, TiAl alloys, especially gamma-titanium aluminides have received the most 

attention and have been studied widely during the last three decades [2]. There are three major 

intermetallic compounds: gamma TiAl, alpha 2-Ti3Al and TiAl3, which are shown in different 

locations of the phase diagram in Fig 1.1. The gamma TiAl alloys are considered to be promising 

candidate materials for high temperature applications such as for aerospace, marine and 

automotive engine components, due to their low density (about 4.0 g/cm³), high specific strength 

and modulus, and the ability to withstand extreme temperatures [2-4]. The great thermo-physical 

properties of these materials rely mainly on the strongly ordered nature and the directional 

bonding of the compounds [5]. General Electric has applied gamma TiAl low pressure turbine 

blades to replace traditional blades made of denser Ni based superalloy on its GEnx engine,   
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Fig 1.1 Most recent Ti-Al phase diagram [6]. 
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which powers the Boeing 787 and Boeing 747-8 aircraft [7, 8].  

 

1.2 Ti-Al-Nb system 

      The gamma TiAl alloy has great advantages over traditional high temperature structural 

materials. However, the insufficient ductility and poor oxidation resistances of TiAl alloys are 

the major stumbling blocks for applications at high temperatures (>700 °C), and still need to be 

improved to meet the performance of components [9]. To overcome the imperfection of the 

gamma titanium aluminide, ternary elements such as Nb [10], Cr [11], Mo/Fe [12] and V [13] 

are added into the gamma TiAl alloy, and proved to improve the properties of the alloy system. It 

has been confirmed that Nb is one of the best ternary addition to the TiAl alloys. The Nb atoms 

substitute exclusively on Ti sites, and stronger hybridization can be obtained between Nb atom 

and its surrounding atoms [14]. Nb can not only improve the oxidation resistance at high 

temperature of the alloys [15], but also enhance the ductility  and toughness [16]. 

 

1.3 Accumulative Roll Bonding (ARB) 

      There are several possible procedures to process Nb-modified gamma TiAl alloys, such as 

casting [17], powder metallurgy [18], and metal injection molding [19].  All of these methods 

require high energy input and have thermomechanical processing involved which may lead to 

brittle products. Recently, an innovative technique to process TiAl based alloys have been 

developed by Acoff et al [20-22]. This technique involves cold roll bonding of dissimilar 

element foils followed by two-stage reaction annealing. 

    The cold roll bonding is a “cold welding” of solid phase operation which can join two or more 

pieces of metal together. The bonded materials can be either identical or dissimilar. Before the 
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bonding, surface cleaning and degreasing is always performed to remove the contamination and 

oxidation layers. The ready to bond metals are stacked together and passed through a pair of 

rollers under a certain amount of deformation. The bonding process is displayed in Fig 1.2. 

During the bonding, a large amount of strain is introduced into the multiple layers to produce 

solid-state welding between the original individual pieces. The mechanical bond between the 

layers is the result of interfacial mechanical and atomic affinity between the two bonding layers 

[23]. The cold roll bonding can be performed at ambient temperature under air, which is 

economic and efficient. And the cold roll bonding can avoid undesirable phase transformations at 

elevated temperature which occurs for other processes. Luo and Acoff [24] utilized a cyclic cold 

roll bonding/annealing process to prepare multi-layered Ti/TiAl3 composites. A further research 

to produce gamma TiAl was achieved later via processing at higher temperatures and increased 

cyclic cold rolling [20, 22]. 

    As a modified technique of cold roll bonding, accumulative roll bonding was introduced in 

1998 by Saito et al [25]. The procedure is shown in Fig 1.3. It combines joint process with severe 

plastic deformation. Two sheets are brushed on one side, each. These are placed together, facing 

each other and bonded together by roll bonding with a thickness reduction of 50 percent. As cold 

welding takes place during rolling, a new sheet is produced. After rolling, the sheet is divided in 

the transverse direction into two parts with the same geometry as the two initial sheets. By 

repeating this cycle, a large plastic deformation is introduced into the metal. So ideally, a large 

amount of strain was introduced into the bonded piece without altering the original dimensions 

of the sample. Utilizing the ARB process followed by two-stage reaction annealing, Zhang and 

Acoff [20] produced Ti–46Al–9Nb (at%) from Ti, Al, and Nb elemental foils. The high strain 

produced by ARB promoted the grain refinement of the constitutional metal foils, and enhanced   
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Fig 1.2 Schematic illustration of the procedure of cold roll bonding [23]. 
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Fig 1.3 Schematic illustration of the procedure of accumulative roll bonding [26]. 
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the diffusion process during the following reaction annealing, which is beneficial for the 

formation of gamma TiAl intermetallic compounds. 

 

1.4 Texture 

      Polycrystalline metals are the most widely used engineering materials. Grain orientations in 

polycrystals are rarely random, or can be called anisotropic, because of the processing history of 

the polycrystalline materials.  The processing procedure includes solidification, casting, hot 

rolling, cold rolling, annealing, and etc. Therefore, in most materials there is a pattern in the 

orientations, which are present and a tendency for the occurrence of certain orientations. This 

tendency is known as preferred orientation of crystals or texture [27]. The orientation distribution 

in a polycrystal is the result of the manufacturing process. Thus, texture has a huge influence on 

properties and it contains information on the relationship between process parameters and 

performance of a material. One typical example of texture’s influence is the earing behavior of 

an aluminum beverage can. In a rolled sheet with a heavy deformation texture, the ears are 

usually observed at the four positions ±45° to the rolling direction around the drawn cup [28], 

which can be observed in Fig 1.4. The height of the ears always increases with the amount of 

rolling applied. Many properties of polycrystals are dependent on the average texture of a 

polycrystalline material. Examples are Young’s modulus, Poisson’s ratio, strength, ductility, 

toughness and electrical conductivity. 

 

1.4.1 The Representation of Texture 

      The texture component can be defined by combining the the Miller plane {hkl} and the 

Miller direction <uvw>. This means that the {hkl} planes of the grains are parallel to the sheet 
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Fig 1.4 Earing shown in a cup formed by deep drawing a rolled sheet of aluminum [29]. 
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plane, and their <uvw> direction is parallel to the rolling direction. The texture of hexagonal 

materials can also be represented as {hkil}<uvtw>, whereas i=-h-k and t=-u-v. 

Besides Miller indices, the pole figures are also a conventional way to describe texture 

components. Pole figures are originated from the diffraction results, and display the orientations 

of particular crystal planes in a bulk sample rather than of individual crystals [30]. Pole figures 

utilize discrete points to display texture, each representing a single lattice orientation 

measurement.  For the construction of a pole figure, consider a unit cell placed in the center of a 

sphere. The plane normal line of the unit cell originates from the center of the cell and hits the 

sphere. The south pole of the sphere and the points on the sphere are connected and extend to the 

connecting line to the flat plane on the north pole. So the two-dimensional pole figure is obtained 

on the flat plane.  Fig 1.5 shows the initiation of {100} pole figure for a unit cell.  

    While the pole figure shows how the specified crystallographic direction of grains aligned 

with the sample reference frame, the inverse pole figure shows how the selected direction in the 

sample reference frame is aligned with the reference frame of the crystal. The procedure of the 

construction of an inverse pole figure is similar to that of a pole figure, except that the north pole 

of the projection plane is determined by the local crystallographic orientation, instead of by the 

sample geometry. Due to the symmetry of the crystals, a twenty-four-fold redundancy is shown 

in a complete inverse pole figure (Fig 1.6a). Usually a standard stereograghic triangle (Fig 1.6b) 

will be used to represent the whole inverse pole figure. 

    The Euler angle system (Bunge) is one of the most used for the analysis of the texture 

components. The Euler angles refer to three rotations to transform the specimen coordinate 

system onto the crystal coordinate system in the correct sequence which is shown in Fig 1.7, 

where ϕ1, Φ, ϕ2 are the Euler angles. The Euler angles describe the final orientation of the crystal  
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Fig 1.5 Presentation of the {100} poles of a cubic crystal in the stereographic projection [31]. (a) 

Crystal in the unit sphere; (b) projection of the {100} poles onto the equator plane; (c) {100} 

pole figure. 
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Fig 1.6 Normal direction inverse poled figures for a cube texture [30]. (a) Complete inverse pole 

figure, and (b) the standard stereographic triangle. 
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Fig 1.7 Diagram showing how rotation through the Euler angles φ1, Φ, φ2, in order 1, 2, 3 as 

shown describes the rotation between the specimen and crystal axes [31]. 
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coordinate system with respect to the sample coordinate system. Due to the sample symmetry, 

the Euler angle region for cubic sample is often defined by 0 ≤ ϕ1 ≤ π/2, 0 ≤ Φ ≤ π/2, and 0 ≤ ϕ2 ≤ 

π/2, while for hexagonal system it is defined by 0 ≤ ϕ1 ≤ π/2, 0 ≤ Φ ≤ π/2, and 0 ≤ ϕ2 ≤ π/3. A 

three-dimensional Euler space can be constructed by the Euler angles, as shown in Fig 1.8a. 

Although a texture component can be displayed uniquely as a single point in the Euler space, the 

three-dimensional plot is not always easy to interpret. Instead, a 2D representation of Euler space 

is constructed by slicing along one Euler angle at 5 degree intervals. These slices are arranged in 

a grid called Orientation Distribution Function (ODF), which displays in Fig 1.8b. The ODF plot 

is very straight forward and makes the interpreting of texture much easier. 

 

1.4.2 Deformation Texture 

      The texture evolution during deformation has been investigated widely, especially for cubic 

metal systems. Among body centered cubic (bcc) metals, Fe attracted most attention because of 

the importance of the steel industry. The cold rolled bcc metals always exhibit two fiber textures; 

one is the α-fiber (<011>//RD) and the other is the γ-fiber (<111>//ND). In Euler space, the α-

fiber can be found between {0°,0°,45°} and {0°,90°,45°}, and the γ-fiber can be located from 

{0°,54.7°,45°} to {90°,54.7°,45°}. However, the texture will change with the process procedure 

and sample composition.  Tsuji [32] et al. utilized the ARB process to fabricate ultrafine grained 

interstitial free (IF) steel, and reported the {110}<001> ~ {110}<112> shear texture was 

observed.  Rettburg [33] et al. performed cold ring rolling on 100Cr6 steel, and found that a 

combined α- fiber and γ-fiber developed reflecting a compressive stress state in these areas. 

Close to the inner diameter, a sharp {1 1 0} component developed, which indicates a shear 

contribution.  
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Fig 1.8 (a) The Euler space and (b) ODF distribution from a copper textured material [30]. 
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   For the cold rolled deformation of face centered cubic (fcc) metals, copper and aluminum have 

been investigated extensively. Generally, α-fiber (<011>//ND) and β-fiber (connecting brass 

component and cube component with no fixed path) were expected to develop while τ-fiber 

(<011>//ND) may show up due to the shear deformation. Chen et al [34] did research on the 

texture of ultrafine grained copper produced by ARB. It was found that the dominant 

deformation textures of copper after 98.4% strain are {1 0 0}<1 1 0> shear texture by 

asymmetrical ARB and {2 1 1}<1 1 1> copper texture by ARB. Roy et al [35] found that during 

the ARB processing of aluminum alloy AA5086, most of the deformation texture components 

strengthen significantly from the starting material while the inherited components (generally the 

recrystallization components) are retained during ARB. 

    The deformation textures of hexagonal materials are categorized by the c/a ratio, according to 

Wang et al [36].  The resulting rolling textures, in the form of pole figures, as a function of c/a 

ratio are shown in Fig 1.9. Metals like Mg with a c/a ratio equal to 1.633 tend to form fiber 

texture. Metals with higher c/a ratios, such as Zn, are expected to have textures around 20 degree 

tilt from the basal pole toward the rolling direction, due to the existence of twinning. The metals 

with lower c/a ratios like Ti form a texture around 20 degree tilt from the basal pole toward the 

transverse direction, as a result of slip on prismatic and pyramidal planes.  

  

1.5 Electron Backscatter Diffraction (EBSD) 

      Texture can be determined by means of X-ray diffraction, neutron diffraction and electron 

backscattered diffraction (EBSD) coupled with Scanning Electron Microscopy (SEM). X-ray 

diffraction is the most commonly applied technique because of its low cost and fast scanning for 

bulk specimens. Neutron diffraction is preferred in certain cases since the absorption of neutrons 
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Fig 1.9 Rolling texture in HCP metals with c/a ratio: (a) approximately equal to 1.633; (b) 

>1.633; and (c) <1.633 [36]. 
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is negligible compared to X-rays for most materials [37]. However, both diffraction methods can 

only be applied to macro scale, and produce pole figures which do not explicitly indicate the 

orientations of crystals in polycrystalline sample. Only the orientations of selected crystalline 

planes or directions are displayed in the pole figures from diffraction methods [30]. The limited 

pole figures represent only a fraction of the texture information which is accessible via EBSD. 

    EBSD provides quantitative microstructural information about the crystallographic nature of 

most all kinds of crystalline materials. It reveals information of local texture, grain size, grain 

orientation, grain boundary character, and phase identification on the surfaces of bulk 

polycrystals. The EBSD patterns are generated on a phosphor screen by backscatter diffraction 

(Fig 1.10) formed from a depth of 10-50nm beneath the sample surface. The backscatter patterns 

are collected in a point by point array according to the area and step size defined by the user. At 

the end of the scan, the orientations of each single point of the area are gathered and an EBSD 

map will be generated. 

    Comparing with X-rays and neutron diffraction pole figure measurements, the advantage of 

EBSD is numerous. The diffraction can only be performed in a macro scale while EBSD can be 

utilized in an ultra small zone which can be selected by the user. Consistent data can be obtained 

via EBSD, whereas the data from X-ray diffraction may be biased due to the tilting and 

oscillation of the stage during scanning. The EBSD only has 0.5 degree angular resolution while 

X-ray pole figure measurements are usually carried at a 3 to 5 degree angular step width [30]. 

    Several points need to be noticed during the EBSD data collection. The EBSD patterns are 

generated from a depth less than 50nm, and any residual surface deformation caused by the 

preparation should be minimized to maximize the pattern quality. In order to get maximum 

signal reception, the sample needs to be tilted at around 70 degree from horizontal, as shown in  
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Fig 1.10 Backscattered Kikuchi pattern of niobium at 20keV. 
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Fig 1.11. This results in a non-uniform working distance across the sample.  

 

1.6 Dissertation Orgnization 

    This is an article based dissertation. Each chapter presents an article that has been either 

accepted or ready to be submitted for publication. Chapter 3 to Chapter 5 presents the research 

on texture evolution of Nb, Al, Ti, respectively, in ARB processed multilayer Ti/Al/Nb 

composites. 
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Fig 1.11 Schematic of sample arrangement in the SEM [38]. 
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CHAPTER 2 

OBJECTIVES 

 

      Accumulative cold roll bonding has been proven to be a feasible approach to process 

Ti/Al/Nb elemental composites. During the co-deformation of dissimilar metals, large strain is 

introduced into the whole sample and unique texture is formed for each constitutional metal. In 

recent years, the texture of single metal processed ARB has been widely investigated. The 

orientation evolution of ARB processed bi-metal systems, including W-Cu, Al-Al alloy, Cu-Nb, 

and Al-Cu, has also been reported. However, to date there have been no publications on the 

texture analysis of ARB processed tri-metallic materials. Moreover, the difference between the 

crystal structures of hexagonal close packed (hcp) Ti and cubic Al/Nb may influence the 

deformation process involved in ARB.  

Although gamma TiAl alloy has been successfully processed by the Acoff research group via 

ARB bonding of elemental foil followed by two-stage annealing, the texture evolution during the 

ARB process remains unknown. It is necessary to investigate the texture development prior to 

subjecting to annealing to promote the formation of TiAl.  Performing the texture analysis via X-

ray diffraction is difficult due to the peak overlap of the diffraction patterns of the three 

elements. However, by using EBSD allows the analyze the microtexture of the specific site of 

each elemental phase. 
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Thus, the objectives of this research work are to: characterize the microstructure and 

microtexture development of Nb, Al and Ti during the different stages of the ARB processing of 

Ti/Al/Nb composites prior to promote the formation of the intermetallic TiAl structure. 
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CHAPTER 3 

MICROTEXTURE DEVELOPMENT OF NIOBIUM IN A MULTILAYERED TI/AL/NB 

COMPOSITE PRODUCED BY ACCUMULATIVE ROLL BONDING 

 
 

Abstract 

    Multilayered Ti/Al/Nb composites were produced by the accumulative roll bonding (ARB) 

process utilizing pure Ti, Al and Nb elemental sheets. Up to four ARB cycles were applied to the 

composites. The microstructure and texture evolution on the Nb phase was studied by X-ray 

diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy 

(SEM) and electron backscattered diffraction (EBSD). Nb and Ti layers necked and fractured as 

the number of ARB cycles increased. After four ARB cycles, a nearly homogeneous distribution 

of Nb and Ti layers in an Al matrix was achieved. The as received Nb sheet exhibited a fully 

lamellar structure and had a strong cold rolling texture. After subjecting to ARB, slight grain 

refining was observed and the high angle boundary fraction was increased. The intensity of the 

α-fiber was weakened while that of the γ-fiber was strengthened during the ARB process. The 

texture evolution was attributed to partial recrystallization during the ARB process as a result of 

adiabatic heating.  

 

Keywords: Accumulative roll bonding; EBSD; grain refinement; misorientation; 

recrystallization 
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3.1 Introduction 

The accumulative roll bonding technique (ARB), which was first developed by Saito et al 

[1], is a severe plastic deformation process that has attracted the interest of both scientific and 

industrial communities. During the repeated folding and rolling process, large amounts of plastic 

strain was introduced into the same or different metallic materials without changing the initial 

dimension, while the structural refinement and mechanical property enhancement was achieved 

[2, 3]. Due to its simplicity and low cost, accumulative roll bonding can be used as an 

appropriate technique to process multilayered composites [4].  

      The texture evolution is always very important for cold rolled samples. However, the texture 

development in samples developed by the ARB process has not been studied extensively. It is 

known that during rolling, the metals deform inhomogeneously through thickness due to the 

large amount of shear strain that is introduced into the surface and subsurface regions [5]. 

Furthermore, half of the surface region is folded to the center in the next ARB cycle and such a 

procedure is repeated as the cycles of ARB increases. The shear strain distribution through 

thickness becomes very complicated in ARB [5], which introduces more complex features to the 

rolling texture compared to conventional roll bonding. Furthermore, the more complex texture 

change for dissimilar metal composites processed using ARB process has been rarely researched.  

      The ARB process followed by annealing was successfully used in our previous research for 

the fabrication of gamma-based titanium aluminides form multilayered TiAl and TiAlNb 

elemental foils [6,7]. The ARB technique was proven to be beneficial for grain refinement, and 

the high strain introduced into the multilayered metals promoted the diffusion between dissimilar 

sheets to produce the intermetallic compounds γ-TiAl and α2-TiAl3. However, the texture 

evolution during the ARB process for Ti, Al and Nb sheets is still not clear. The present study 
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aims to clarify the texture evolution of the ARB processed Ti, Al and Nb sheets. The 

microtexture development of niobium is discussed in the current paper, and the texture changes 

in Ti and Al will be addressed in future works.  

 

3.2 Experimental Procedure 

Elemental foils of titanium, aluminum and niobium were employed for the ARB process in 

the current investigation of microtexture development. The chemical compositions of the foils 

are shown in Tables 3.1-3.3. Foils with dimensions of 2 inch × 3 inch were cut from the as 

received sheets. After cutting, the foils were degreased in acetone followed by methanol for 3 

minutes in each solution, and were scratch brushed using a stainless steel brush. A total of 23 

layers of foils were stacked in the sequence shown in Fig 3.1, where Ti foils covered both ends, 

and Al foils were inserted between Ti-Ti and Ti-Nb interfaces.  

    Cold roll bonding was carried out without lubricant on a rolling mill which has two 100mm 

diameter rolls. The rolling speed applied in the current study was 0.192m/sec. After surface 

preparation, the stacked specimen was cold rolled immediately to minimize surface oxidation 

and contamination. The stacked layers were rolled down to 50% thickness prior to subjection to 

the ARB process. 

    During the ARB process, the 50% reduction sample was degreased and brushed, then 

sectioned in half. These two halves were stacked and sent through the rolling mill to 50% 

reduction again. This procedure defines one cycle of the ARB process. In the current study, up to 

four ARB cycles were employed, accumulating a total reduction in thickness of 96.88%, which 

corresponds to an equivalent strain of 4.0. 

    X-ray diffraction study was carried out on the thoroughly cleaned normal surfaces of the 
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Table 3.1 Chemical composition of Nb element foil studied (wt. %) 

 
 

Table 3.2 Chemical composition of Al element foil studied (wt. %) 

 
 

Table 3.3 Chemical composition of Ti element foil studied (wt. %) 
  

C N O W Al Co Cr Fe Mo Nb Ni Si Ta Zr 
0.008 0.016 0.028 0.016 <0.008 <0.004 <0.008 0.02 <0.012 Balance <0.008 <0.02 0.8 <0.02

B K Al Ca Cu Fe Mg Na Ni Pb Si Ti Ta Zr 
0.008 0.012 Balance 0.04 <0.134 0.04 0.42 0.01 0.03 0.01 0.11 0.002 0.17 0.008

B K Al Cu Fe Mg Na Si Ti 
0.003 0.007 0.015 0.006 0.006 0.002 0.006 0.047 Balance 
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Fig 3.1 Stacking sequence of the total 23-layer specimens that were subjected to Accumulative 

Roll Bonding. Eight Ti layers, eleven Al layers and four Nb layers were employed.  
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samples. A Philips XRG 3100 PW 3830 generator with copper target was used. Scanning (0.02 

deg/sec in 2ϴ) was done for all samples within a range of 30 to 100 degree.  

    Metallographic preparation of the samples was carried out using conventional techniques to 

produce relatively flat and distortion free surfaces. The microstructure and microtexture of cold-

rolled specimens were observed on the longitudinal section (defined by RD and ND) in detail 

using a JEOL 7000 field emission gun scanning electron microscope equipped with HKL 

Nordlys Electron backscattered diffraction (EBSD) detector. In the following text and figures, 

RD refers to the rolling direction, ND to the normal direction, and TD to the transverse direction 

of the rolling specimen. The JEOL 7000 SEM was operated at 20kv and the orientation mapping 

with a step size of 0.1µm was carried out over 40µm x 10µm near the center of the thickness. 

The Oxford Instruments Channel 5 suite of programs was utilized to analyze the collected EBSD 

data. The initial texture of the as received Nb foil was also characterized using EBSD analysis. 

The orientation distribution functions were calculated from the EBSD data using HKL Salsa 

software and presented in Φ2 =45o sections.   

    TEM specimens of the Nb-Al interface were prepared with a dual beam FIB system (FEI 

Quanta 200 3D) via standard FIB in-situ lift-out technique. The metallographic polished sample 

(surface defined by ND and TD) was placed in the FIB chamber, and an approximately 1 µm 

wide x 1 µm thick Pt layer was then deposited on the surface of the Nb-Al interface (Fig 3.2a) in 

order to protect the cross section. After Pt deposition, two holes were closely etched next to the 

Pt by the ion beam (30KeV, 3-7nA) (Fig 3.2b), leaving an approximately 1.5 µm thick foil 

between them, followed by a “U” cut (Fig 3.2c). An in-situ tungsten lift out omniprobe was 

utilized to catch the TEM foil. The omniprobe was attached to the TEM foil via ion beam 

assisted Pt deposition. The TEM foil was then lifted out of the bulk (Fig 3.2d) and attached to the 
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Fig 3.2 Procedures of TEM sample (located at Nb-Al interface) Processed by FIB: (a) Pt 

deposition on the surface of Nb-Al interface; (b) two holes were etched next to Pt by ion beam; 

(c) U cut of the foil; (d) The TEM foil was attached to the omniprobe and lifted out; (e) The 

TEM sample was attached to the Cu grid; (f) The TEM foil was finally thinned to around 100nm. 

(c), (d) and (f) were ion beam images, which have different phase contrast compared with the 

other SEM images (a, b and e). 
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300pA and 100pA) was used to thin the specimen to approximately 100nm in order to achieve 

electron transparency (Fig 3.2f). Finally, the TEM sample from the Nb-Al interface was 

produced and ready for HRTEM. The foils were perpendicular to the transverse direction (TD) 

of the sheets. As shown in Fig 3.2 (e) the surface of the TEM lamellar was defined by ND and 

RD, and the TEM analysis was performed on a FEI TECNAI F20 at 200kV. 

 

3.3 Results  

Figure 3.3 displays the XRD profiles for the samples cold rolled for one to four ARB 

cycles. All the noticeable peaks are identified as Nb, Al and Ti. No new phases were formed 

during the cold roll according to the XRD patterns. As the number of ARB cycles increased, the 

peak intensity of Nb (200) at 55 degree of 2 theta increased, which indicated that the texture of 

Nb is changed by cold rolling. The peaks of Nb (110), Ti (002) and Al (111) were completely 

overlapped at 38 degree, as well as the partial overlapping of Nb (211) and Ti (103) at 70 degree. 

These overlapping of XRD peaks of the three elements made it difficult to analyze the texture of 

cold rolled samples via X-ray diffraction.  

    Figure 3.4 illustrates the structure variations of Ti/Al/Nb composites after different ARB 

cycles. All of the 23 layers can be clearly identified after the initial 50% reduction of the 

sandwich, while locally necking and separating of Ti and Nb was observed in Fig 3.4(a). As the 

number of ARB cycles increased, necking and fracturing became more severe while complete 

separating of Nb and Ti was observed after the 1st cycle (fig 3.4b). As the number of ARB 

cycles increased, the strain increased and the thickness of the Nb and Ti layers decreased, 

especially that of the Nb layer. After 4 cycles of ARB, a nearly homogeneous distribution of Ti 

and Nb fragments in an Al matrix was achieved (Fig 3.4e).   
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Fig 3.3 XRD patterns of samples processed by one ARB cycle, two ARB cycles, three ARB 

cycles and four ARB cycles. 
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Fig 3.4 SEM micrographs of longitudinal cross sections of ARB processed Ti/Al/Nb composites: 

(a) 50% reduction after initial 23-layer stacking, (b) 1st cycle, (c) 2nd cycle, (d) 3th cycle, (e) 4th 

cycle. In the composites, Al is in dark color, while Nb is bright and Ti is in gray.  
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    The boundary misorientation distributions of the Nb layers at different stages of cold rolling 

are displayed in Figure 3.5. Very low angle boundaries with misorientation smaller than 2o were 

taken out of consideration in order to remove the inaccuracy of EBSD measurements [8, 9].  All 

ARB processed materials involved many low angle grain boundaries (LAGB, 2-15o). The large 

amount of LAGB is an important feature of the severe plastic deformed ultra-fine grained 

structures [10]. In addition, the graph shows that the fraction of high angle grain boundaries 

(HAGB, >15o) increased with the increasing amount of deformation level, from 0.682 (as 

received Nb) to 0.769 (Nb processed to four ARB). 

    Figure 3.6 shows the orientation maps for Nb along the RD orientations for all samples. The 

as-received Nb exhibits a lamellar structure with bands nearly parallel to the RD. Various colors 

were shown in Fig 3.6(a) to Fig 3.6(e), while green is dominant in Figs 3.6(a) and (b). The green 

color indicates <110>//RD texture (α-fiber) in the as received Nb samples, which is a common 

texture component in rolling bcc metals [8, 9].  Figure 3.7 shows the orientation maps for the ND 

orientation for all specimens. These maps show a tendency of the blue color dominating, 

especially for the higher ARB cycles. This means that the surface area has <111>//ND γ-fiber 

texture. Both large grains and small grains are exhibited on the map of the as received Nb 

sample. The mean spacing of the lamellar boundaries decreases slightly with increasing number 

of ARB cycles. As the number of ARB cycles increase, more small grains are formed. The 

elongated Nb grains are clearly observed under all ARB cycles, while the non-indexed equiaxed 

Al grains surround the deformed Nb. The shape of the Nb and the Al grains were confirmed in 

Fig 3.8, which shows the TEM bright field image of Nb and Al grains from the sample processed 

to four ARB cycles. The laminar structure of the Nb grains was clearly observed. The Nb grains 

are oriented parallel to the rolling direction.  The TEM lattice images of Nb and Al in the sample 
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Fig 3.5  Distributions of boundary misorientation angles of the Nb layers in samples subjected to 

(a) as received, (b) one ARB cycles, (c) two ARB cycles, (d) three ARB cycles and (e) four ARB 

cycles. The bin size is 2o. 
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Fig 3.6 The orientation maps of Nb in samples processed by (a) as received, (b) one ARB cycles, 

(c) two ARB cycles, (d) three ARB cycles and (e) four ARB cycles. The stereographic triangle 

shows the crystal directions parallel to the sample RD.  
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Fig 3.7 The orientation maps of Nb in samples processed by (a) as received, (b) one ARB cycles, 

(c) two ARB cycles, (d) three ARB cycles and (e) four ARB cycles. The stereographic triangle 

shows the crystal directions parallel to the sample ND.  
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Fig 3.8  TEM bright field image for (a)Nb phase and (b) Al phase in the sample processed by 

four ARB cycles. 
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processed to four ARB cycles are displayed in Fig 3.9 (a) and (b), respectively. The images were 

taken near the Nb/Al interface. Obvious stacking faults were observed in Al, while no clear 

defects were found in the Nb phase. 

    Figures 3.10 (a) to (e) display the Φ2 =45o ODF sections of as received Nb and deformed Nb 

layers in the various ARB deformed samples. To facilitate the analysis, schematic representation 

of the most important orientations in bcc materials in the φ2 = 45o section is plotted in Fig 3.10 

(f). It can be seen that incomplete α-fiber exists in the as received and the ARB processed 

samples, while γ-fiber is dominant in all stages of the ARB specimens. To quantify the intensity 

of the texture components, the orientation densities along α-fiber texture and γ-fiber texture are 

plotted in Fig 3.11. The as received sample has two sharp orientation peaks on the α-fiber 

texture, one is {001}<110> rotated cube at Φ=0o, and the other is developed close to 

{111}<110> at Φ65o.  It is evident that both {001}<110> and {111}<110> α-fiber texture 

components decrease dramatically after cold rolling, and the orientation close to {111}<110> 

shifts to Φ55o. For the γ-fiber texture, a transition from {111}<110> to {111}<112> is 

observed. The maximum on the γ-fiber texture is stabilized at {111}<112> component whereas 

the intensity of {111}<110> texture is decreased. 

 

3.4 Discussion 

        It is commonly reported that necking and fracturing occurs in the harder layer during plastic 

deformation of dissimilar metals due to the differences in mechanical properties of metals [4, 11, 

12]. The non-uniform distribution of the strain caused by the friction between dissimilar layers 

formed a higher strain at the harder Ti and Nb necking area, which led to the fracture and 

separation as the cycles of ARB increased. It is known that the strain in the Al layers has a higher  
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Fig 3.9  TEM bright field lattice image in the sample processed by four ARB cycles of (a) Nb 

phase and (b) Al phase. The observed stacking faults are circled in Al. 
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Fig 3.10 Φ2 =45o sections of the ODFs of Nb in the samples processed at different ARB cycles. 

(a) as received, (b) one ARB cycles, (c) two ARB cycles, (d) three ARB cycles and (e) four ARB 

cycles. The ideal orientation positions for the main texture components are displayed in (f). 
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Fig 3.11 Intensity of the Niobium bcc fibers in the ARB processed samples: (a) α-fiber texture, 

(b) γ-fiber texture. 

 

 

  



 

44 
 

value than the Ti and Nb layers due to the property difference between the strength and ductility 

[12]. It is believed that this high strain in the Al layers promoted the softer Al to accommodate 

the fracturing of the neighboring Ti and Nb layers. The lattice defect of Al from Fig 3.9 (b) also 

confirmed the higher strain in the Al layers compared to the strain in Nb phase, and the higher 

strain promoted the formation of the defects in the Al as denoted by the circles in Fig 3.9 (b).  

    The formation of partial lamellar structure on cold rolled and annealed coarse-grain Nb was 

observed by Sandim et al [13]. In the current research, the slight refinement of the lamellar 

structures in going from the as received Nb grains to the Nb in the specimens after four ARB 

cycles can be explained by the mechanism developed by Hughes and Hansen [14]. This grain 

subdivision model is developed for medium-to-high stacking fault energy (SFE) metals. At low 

to medium strains, both geometrically necessary boundaries and incidental dislocation 

boundaries are formed in this subdivision of grains. The misorientation angle across these two 

kinds of boundaries increases, which leads to the grain breaking up into cells and cell blocks[15]. 

As the number of ARB cycles increases, a large amount of strain is introduced into the sample. 

With increasing strain, a refined lamellar structure is produced and the lamellar boundaries are 

oriented along the rolling direction. New high angle misorientation boundaries are formed as 

strain increases, which is in agreement with the trend observed on Fig 3.5 (a) to (e). Both 

microstructural and texture mechanisms contributes to the formation of HAGBs.  

    The microstructural evolution starts at the beginning of deformation and forms cell blocks in 

which misorientation increases with increasing strain. The coarse slip in either S-band or shear 

band leads to rotated regions in the neighboring grains. The texture mechanism involves the 

rotation of subdivided grains into different preferred orientations during rolling. The former 

mechanism is expected to give rise to misorientation boundaries up to 15-30o, while the texture 
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evolution can produce high angle misorientation in the range of 20 to 60o. In Fig 3.5, it can be 

seen that the portion of HAGBs increase with the number of ARB cycles, which implies that at 

higher ARB cycles, the texture evolution mechanism plays a more important role than at lower 

ARB cycles. It can be assumed that the as received Nb sheet in the current study underwent 

plastic deformation due to the lamellar structure and the grain boundaries which are along the 

sheet length direction.  

    The effect of texture components on misorientation of deformed body-centered cubic (bcc) 

metals has been widely investigated in the literature. For example, the {001}<110> rotated cube 

component is well known for its small orientation change in grain even under high deformation 

[16]. Raabe et al [17] and Dillamore et al [18] reported that typically only 15o maximum in grain 

misorientation was formed in {001}<110> orientated  grains. That explained the high percentage 

of LAGBs in the as-received Nb which has a strong {001}<110> peak in Fig 3.11 (a). Other than 

the {001}<110> texture component, the {111}<uvw> γ-fiber texture and {112}<110> were 

reported for their strong orientation gradient effect. It was observed [19] that the latter two 

orientated grains exhibit high dislocation densities, strong local misorientations, small grain size, 

and microstructual inhomogeneities. This is in agreement with the current results that after 

deformation, strong {111}<uvw> γ-fiber texture is formed and leads to more HAGBs. A weak 

{112}<110> orientation is observed in Fig 3.11 (a) along α-fiber texture after four ARB cycles, 

and this weak peak contributes to the increasing of HAGBs in Fig 3.5 (e). 

    The strong {001}<110>, {111}<110> peaks of the as received Nb in Fig 3.11 show a highly 

deformed bcc cold roll texture on both α-fiber texture and γ-fiber texture [20-22]. The intensity 

of all components along the α-fiber texture decreased dramatically after cold rolling as a result of 

not only the lower volume fraction of Nb in the ARB Ti/Al/Nb composite compared with pure 
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Nb sheet, but also the partial recrystallization of Nb after ARB. It is well known that for bcc 

metals, the effect of recrystallzation is the sharpening of the γ-fiber texture at the expense of the 

α-fiber texture [23]. In the current study for ARB Nb, the weakening of the α-fiber texture and 

the maximum intensity shifting from {111}<110> to {111}<112> is indicative of partial 

recrystallization texture development. The partial recrystallization during the ARB process at 

ambient temperature has also been reported by Tsuji et al [9, 24] during cold rolling of pure Cu.  

Several factors can contribute to the partial recrystallization, such as the adiabatic heat generated 

during ARB, the large driving force corresponding to high density of dislocations accumulated 

by the deformation, and high purity of the materials, et cetera. The large amount of reduction in 

thickness during the ARB process of dissimilar metals inevitably leads to adiabatic heating. 

Since the thermal conductivity of Ti is especially low (21.9 ∙ ∙ ) compared with the 

surrounding Nb (53.7 ∙ ∙ ) and Al (237 	 ∙ ∙ ), significant amount of 

localized heat is expected to be conducted by the deformed Nb and Al,  which assists in the 

recovery process [25]. The adiabatic heat induced recovery leads to preferred nucleation of 

orientation at higher stored energy (γ-fiber texture), which forms a higher intensity γ-fiber 

texture at the expense of other orientations.  

The partial recrystallization during ARB counteracts the accumulation of applied strains and 

restrains the growth of HAGBs. The grain refinement and partial recrystallization cancel out the 

effect of each other, which leads to a slightly refined microstructure, and a slow increase in 

HAGB percentage. The non-homogeneous distribution of strain on dissimilar metal layers 

(higher strain on Al while lower strain on Nb and Ti) also contributes a relatively slow grain 

refinement during the severely plastic deformation of the ARB process.   
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3.5 Conclusions 

       The microstructure and texture of the Nb layers were studied in multilayered Ti/Al/Nb 

composites processed using the ARB technique up to four cycles. The main results are as 

follows: 

(1) The ARB process can be used to produce Ti/Al/Nb multilayered composites. With 

increasing number of ARB cycles, Ti and Nb layers started to neck and deform due to the 

non-uniform distribution of the strain. The strain on the Al layers was higher than that on 

the Ti and Nb. After subjecting to four cycles of the ARB process, a composite of Al matrix 

with nearly uniform distribution of Ti and Nb phases was obtained. 

(2) Lamellar grains of Nb were refined with increasing number of ARB cycles. The fraction of 

high angle grain boundaries increased with the number of ARB cycles as well. The grain 

refinement and misorientation distribution change can be explained by the grain subdivision 

mechanism. 

(3) Strong cold rolled textures including {001}<110> and {111}<110> components were 

exhibited in the as-received Nb. After deformation from the ARB process, recrystallization 

textures were observed in the Nb phase. The partial recrystallization during the ARB 

process cancels out strain accumulation and restrains HAGB growth.  
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CHAPTER 4 

DEFORMATION TEXTURES OF ALUMINUM IN A MULTILAYERED TI/AL/NB 

COMPOSITE SEVERELY DEFORMED BY ACCUMULATIVE ROLL BONDING 

 
Abstract 

    The accumulative roll bonding (ARB) process was carried out to produce multilayered 

Ti/Al/Nb composites up to four ARB cycles. Scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), electron backscattered diffraction (EBSD) and nanoindentation 

were employed to investigate the microstructural and texture evolution. A homogenous 

distribution of Ti/Nb necking layers in Al matrix was achieved after four ARB cycles. Grain 

refinement occurred as the number of ARB cycles increased and was accompanied by an 

increase in the fraction of high angle grain boundaries (HAGBs). Strong recrystallization texture 

occurred for samples as the number of ARB cycles increased as a result of adiabatic heat that 

developed during ARB processing. The shear bands at the Ti/Al interface reduced the intensity 

of the cold rolling fiber textures of Al. There is no evidence of shear component from the 

Orientation Distribution Function (ODF) results. 

 

Keywords: Accumulative roll bonding; EBSD; Aluminum composite; Texture evolution 

 

4.1 Introduction 

    Accumulative roll bonding (ARB) is a promising method for the producing of multilayered 

sheets for industry applications. It is a kind of severe plastic deformation (SPD) process. 
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Repetitive cutting, stacking and rolling of sheet materials are involved in the ARB process [1-8]. 

This is illustrated in Fig 4.1 which shows a schematic of the ARB process. A large amount of 

plastic strain is introduced into the sample which leads to the microstructural evolution. The 

strain also promotes the diffusion between dissimilar metals during annealing which enhances 

the formation of intermetallic compounds [1-3, 9]. 

Texture analysis is a useful technique to investigate the macro and micro structure evolution of 

metals after severe plastic deformation. It provides information on the 

crystallographic/morphological grain parameters, as well as information on the fragmentation 

behavior of grains [10]. Although extensive study has been performed regarding the 

microstructure and texture evolution of single phase metal or bi-element composites processed 

by the ARB process, there is very limited previous research has been published on tri-metal 

multilayered composites produced using the ARB process. This research aims to clarify the 

texture evolution of the ARB processed Ti, Al and Nb sheets. The investigation on Nb has been 

performed previously. The microtexture development of aluminum is discussed in the current 

research, and the texture changes in Ti will be studied soon. 

 

4.2 Experimental Procedures 

      The raw materials applied in current study were commercial pure aluminum, titanium and 

niobium element sheets. The thickness of each element sheets is 0.075mm (Al and Ti) and 

0.030mm (Nb), respectively. Foils with dimension of 3 inch by 2 inch were cut from the raw 

sheets, degreased in acetone/methanol and wire brushed. After surface treatment, 11 Al layers, 8 

Ti layers and 4 Nb layers were stacked following the sequence shown in Fig 4.2.  
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Fig 4.1   Schematic illustration of process of Accumulative Roll Bonding. 
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Fig 4.2  Stacking sequence of the total 23-layer specimens that will subject to Accumulative Roll 

Bonding.  
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    The stacked foils were roll bonded by 50% reduction in thickness (corresponding to a von 

Mises equivalent strain of 0.8) and the rolling was conducted along the longer dimension (3 

inch). The diameter of the roller was 100mm and the rolling speed was 0.192m/sec. The sample 

was then cut into two sheets and the surfaces were degreased and wire brushed. The two sheets 

were stacked and rolled simultaneously to 50% reduction in thickness. The procedure was 

repeated up to four cycles and finally an equivalent strain of 4.0 was achieved. The whole 

procedure of the ARB process is illustrated in Fig 4.1.  

       The microstructure was investigated in the longitudinal section, which contained the rolling 

direction (RD) and the normal direction (ND) of all samples after mechanical polishing. The 

EBSD measurement was carried out at a step size of 100nm by utilizing a field emission 

scanning electron microscope (JEOL 7000) operated at 20kV. A 40 µm x 10 µm region of Al 

near the center of the thickness was analyzed on each sample. Electron transparent longitudinal 

Al foils were lifted out from bulk the samples and prepared using a dual beam FIB system (FEI 

Quanta 200 3D). Scanning electron microscopy was conducted in situ. TEM analysis was 

performed in a FEI TECNAI F20 system at 200kV. 

    Nano-indentation using a Hysitron Triboindenter was utilized to investigate the mechanical 

properties of the as received and ARB processed Al layers. The measurement was also carried 

out near the center of the thickness on the longitudinal section of all samples. A Ti-0039 

Berkovich nanomechanical indenter was used, and the applied load was 3000 µN for each 

indent. Nine indents were made along the rolling direction for each sample. The spacing between 

each indent was 6µm. The hardness (H) was calculated using the following equation: 

                                                                                                                                     (4.1) 

Where Pmax is the peak indentation load, and A is the projected area of the contact 
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4.3 Results 

      SEM images of the as rolled, two cycle, and four cycle ARB processed composites are 

shown in Fig 4.3 which displays the alternating Ti, Al, and Nb layers.  The bonding of the 

interface between each element foil was quite well after 50% thickness reduction, which is 

illustrated in Fig 4.3 (a), while necking and fracturing of the Ti and Nb layers was initiated 

locally at the same time. After two ARB cycles, further necking and fracturing was observed for 

the Ti and Nb layers. With increasing of ARB cycles, more strain was introduced into the 

specimen and the thickness of the Nb and Ti layers decreased. As a result, the composite 

consisted of Ti and Nb fragments distributed in the Al matrix.  

Fig 4.4 shows the orientation mappings on the ND-RD plane of the samples processed by one, 

two, three and four ARB cycles. Since all samples were severely deformed, etching using 

hydrogen peroxide was important during the final polishing step of sample preparation was 

necessary to obtain a smooth and scratch-free sample surface. A fine tuning of the SEM scanning 

parameter as well as the HKL acquisition software was necessary to obtain an optimum indexing 

rate. A slightly noise reduction procedure was performed to improve the image quality. Equiaxed 

grains were displayed in all four graphs. For the three and four ARB cycles, the grains were 

elongated slightly along the rolling direction. 

The average grain size of the Al grains in the ARB processed samples both in the rolling and 

normal directions is shown in Fig 4.5. The measurements were taken along the RD and ND by 

utilizing the line intercept method on the maps via HKL software. On each EBSD map, twenty 

measurements along the RD and five measurements along the ND were carried out. As the 

amount of strain increased, obvious grain refinement was observed from one cycle to four cycles 

along both the RD and the ND. 
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Fig 4.3 SEM micrographs of ND-RD sections showing alternating Ti, Al and Nb layers  of ARB 

processed Ti/Al/Nb composites: (a) 50% reduction after initial 23-layer stacking, (b) 2nd cycle, 

and (c) 4th cycle.  
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Fig 4.4 The orientation maps of Al in samples processed by (a) one ARB cycles, (b) two ARB 

cycles, (c) three ARB cycles and (d) four ARB cycles. The stereographic triangle shows the 

crystal directions parallel to the sample ND.  
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Fig 4.5 Variation of average Al grain size in ND and RD with the number of ARB cycles in ARB 

processed specimens. 
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    Fig 4.6 shows the microstructure of the Al observed by TEM bright field for samples 

processed after different ARB cycles. The equiaxed grain structure reported from Fig 4.4 was 

confirmed in the TEM images. The observed decrease in the Al grain size from two to four ARB 

cycles was in agreement with the average grain size change shown in Fig 4.5. 

The graphs of misorientation angles versus the number fractions of the Al phase processed at 

different ARB cycles are depicted in Fig 4.7. All samples contained a much higher fraction of 

high-angle grain boundary (HAGB >15o) than the fraction of low-angle grain boundary (LAGB 

2-15o). It is clear that the fraction of high-angle grain boundaries increased as the number of 

ARB cycles increased from one to four. 

The detailed analysis of texture evolution of the samples processed by various ARB cycles is 

shown as orientation distribution functions (ODFs) in Fig 4.8. The Φ2 =45o, 65o, and 90o sections 

are presented since they contain all relevant face-centered cubic (fcc) deformation texture 

components. For cubic crystals, the orientation of a crystal is given in miller indices {hkl}<uvw> 

for simplification purposes, where {hkl} stands for the Miller indices of a crystal plane which is 

parallel to the rolling plane, and <uvw> stands for the Miller indices of a crystal plane which is 

parallel to the rolling direction [11]. The following components were observed in this study: 

Brass {011} <211>, Cube {001} <100>, Copper {112} <111>, Dillamore {4 4 11} <11 11 8>, 

Goss {011} <100>, Rotated Cube {001} <110>, Rotated Goss {110} <110>, and S {123} 

<634}. These typical components are indicated in Fig 4.8e. Fig 4.8 (a) represents the ODF after 

one ARB cycle. The texture component is characterized as copper component {112} <111>, 

Dillamore component {4 4 11} <11 11 8>, brass component {011} <211>, and S component 

{123} <634}. After two ARB cycles, the main texture components observed in Fig 4.8 (a) 

remained, while the rotated cube component {001} <110> showed up. The Goss {011}
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Fig 4.6  TEM bright field image for Al phase in the samples processed by (a) two ARB cycles 

and (b) four ARB cycles. 
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Fig 4.7  Distributions of boundary misorientation angles of the Al layers in samples subjected to 

(a) one ARB cycles, (b) two ARB cycles, (c) three ARB cycles and (d) four ARB cycles. The bin 

size is 2o. 
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Fig 4.8 Φ2 =45o, 65o, and 90o sections of the ODFs of Al in the samples processed at different 

ARB cycles. (a) one ARB cycles, (b) two ARB cycles, (c) three ARB cycles and (d) four ARB 

cycles. Some standard texture components are labeled in (e): B: brass, C: copper, Cu: cube, D: 

Dillamore, G: Goss, R.Cu: rotated cube, R.G: rotated Goss. 
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<100> and rotated Goss {110} <110> components were observed after three ARB cycles, and 

the new cube texture component {001} <100> was obvious with the disappearing of the rotated 

cube component {001} <110>. There were scatters around Dillamore, copper and S components 

but within small angles. From the ODF, there is no evolution of {111} //ND fiber (γ fiber 

texture) during one to four ARB cycles. 

    For quantitative study and better understanding of the texture evolution, the orientation 

intensities were calculated. The results are shown in Fig 4.9. Fig 4.9 (a) shows the orientation 

intensity of the texture component along the α-fiber texture for Al. The texture evolution is 

mainly centered around the brass component, and the intensity of the brass component varies. 

Goss and rotated Goss components were weak for one and two ARB cycles, but an obvious 

increase in intensities was observed after three and four ARB cycles. The intensities along the τ-

fiber texture versus Euler angle Φ2 are presented in Fig 4.9 (b). There was an intensity peak at 

Φ=30o for each curve near copper and Dillamore components. Higher lever intensity of the Goss 

component was shown after three and four ARB cycles. The intensity of the well-known β-fiber 

texture for cold rolled fcc metals, which runs from the copper component over the S orientation 

to the brass orientation [11], is depicted in Fig 4.9 (c). Each sample showed a strong β-fiber 

texture while the one processed after one ARB cycle had the highest intensity. 

    Fig 4.10 shows an example of nanoindents on the Al layer of the sample processed after four 

ARB cycles. The indents were in the direction parallel to the RD. Fig 4.11 displays the variation 

in mean hardness values as a function of the different number of ARB cycles. As the number of 

ARB cycles increased, the hardness of the Al layers tended to increase. This hardness curve 

corresponded well with the changes in grain size which were observed in Fig 4.5. 
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Fig 4.9 Fibers of Al developed during ARB processing: (a) α-fiber, (b) τ-fiber, (c) β-fiber. 
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Fig 4.10  Nanoidentation arrays on the Al layer of the four cycle ARB processed samples. 
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Fig 4.11  Nanoidentation hardness variation for Al layer with number of ARB cycles. 
 
  



 

67 
 

4.4 Discussion 

      On general, due to the different structural and mechanical properties of the different metal 

layers (Ti, Al and Nb), yielding, necking and fracturing took place in the harder layers during the 

severe plastic deformation of dissimilar metal foils [12]. The strain in Al layers was higher than 

that for Ti and Nb layers. The Al acted as a flowing matrix to accommodate the discrete Ti and 

Nb layers that developed during severe deformation. The much softer Al matrix layers undergo 

an increasingly localized deformation and preferential strain hardening [13]. 

    Clear waviness is shown in Fig 4.3 (c), which was due to the formation of shear bands during 

the ARB process. These localized shear bands were inclined at 20 to 30 degrees to the RD 

throughout the sample thickness. The formation of the shear bands was the result of the large 

difference in flow properties between Ti/Nb and Al layers [14]. Shear force was formed around 

the bonded interface between dissimilar metals and cut the Ti/Nb layers due to the worse 

deformability [15].  

    The grain refinement of Al was observed by other researchers not only in single phase metal 

ARB processing [16, 17], but also in bi-material multilayered ARB processing [13, 18]. It is 

well-known that the microstructural evolution in ARB specimens occurs faster than in traditional 

roll specimens [4, 16]. The severe plastic deformation introduced the formation of ultra-fine 

grain subdivision, which correlates to the creation of new HAGBs. According to Hughes, Bay 

and Hansen [19-21], grains break up into cell and cell blocks at low strain. With the increasing 

amount of strain, a lamellar structure forms. At this stage, both structural mechanism and texture 

mechanism will take effect. The former produces grain boundaries in the range of 15-30o, while 

the latter generates HAGBs at 20-60o. Besides the grain subdivision mechanism, the shear band 

also plays an important role for the grain refinement in the current study. This is a result of 
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existence of shear bands as shown in Fig 4.3 (c). The contribution of shear bands to grain size 

decreasing was confirmed in equal-channel angular processing (ECAP) [22, 23], which is a 

simple shear process. The elongated grain can be split up by localized shear bands, and more 

HAGBs are produced. As the number of ARB cycles increased, more plastic strain was 

introduced to the sample, especially in Al phase. This leads to more fractions of HAGBs (Fig 

4.7) and smaller average grain size (Fig 4.5).  

    Generally for cold rolled fcc metals, as the number of ARB cycles increased, the intensity of 

the α fiber texture decreased while the intensities of the τ and β fiber textures increased [10]. In 

the current study, Fig 4.9 (a) shows a trend of decreasing brass intensity as a function of 

increasing ARB cycles, while the intensity of Goss and rotated Goss components increased. In 

Fig 4.9 (b) and Fig 4.9 (c), the intensities of the Copper/Dillamore and β fiber texture did not 

decrease as usual. The increasing intensity of Goss/rotated Goss with the increasing number of 

ARB cycles, together with the occurrence of cube texture shown in Fig 4.9 (d), is indicative of 

recrystallization texture development. Eventhough the current ARB process was performed at 

ambient temperature, the temperature inside the ARB processed samples generally increased by 

an adiabatic heating during heavy deformation [24]. The recrystallization temperature is usually 

1/3-1/2 the absolute melting point of the metal. Since Al has a melting temperature as low as 

933K, the Al layers could easily reach 470K during the large amount of reduction as a result of 

the severe ARB deformation that occurs during the ARB process. The highly increased 

temperature in the Al matrix leads to the recovery of the Al grains during the ARB process. 

Meanwhile, as the amount of cold work increases, recrystallization occurs at a lower temperature 

and shorter time. Thus, more recrystalliztion will take place in the higher ARB processed Al. The 

recrystallization of the Al also contributes to the formation of equiaxed grains (Fig 4.6b) instead 
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of laminar grains at higher ARB cycles. The balance between grain refinement and 

recrystallization could be a cause of slight grain size decrease observed (Fig 4.5) and fewer 

HAGBs’ formation (Fig 4.7) from three ARB cycles to four ARB cycles. 

    The fact that why the intensities of the cold rolling τ fiber texture and β fiber texture did not 

increase with increasing ARB cycles can be attributed to the effect of the shear bands. Quadir et 

al [14] discovered the 15o deviation of Al texture from rolling direction due to the shear stress 

between rolled pure Al and Al-Sc alloy layers. This crystallographic rotation led to a spread of 

orientations around the TD, and decreased both intensity and sharpness of the Al rolling fiber 

textures [14]. This phenomenon was also observed by Chang et al [25] that during the ARB 

rolling of Mg/Al composites. Both the basal texture of hexagonal Mg and the β fiber texture of 

Al were affected by the differential flow behavior between Mg and Al. 

    The shear bands were confirmed in the SEM images (Fig 4.3). However, for the ODFs (Fig 

4.8) and the fiber intensities (Fig 4.9) no obvious shear texture component (<111>/ND) was 

observed. That may be a result of the processing of ARB process. Shear occurs at the surface of 

the sample during rolling. During ARB deformation, the center of the sample in the current cycle 

was the surface of the previous pass. Thus, the shear texture can be easily destroyed in the 

following rolling deformation [4]. Also, the large amount of adiabatic heat may cause the 

transition of shear texture to recrystallization texture.  

 

4.5 Conclusions 

      In summary, Ti/Al/Nb multilayered composites were successfully processed using 

accumulative roll bonding (ARB) process. The microstructure and deformation texture evolution 

was characterized for up to four ARB cycles. The following observations were made: 
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(1) A composite consisting of discrete Ti and Nb layers inside soft and ductile Al matrix was 

produced. Shear bands at Ti/Al interface were observed for high ARB cycles.  

(2) The average grain size of the Al decreased with increasing number of ARB cycles, while 

the fraction of HAGBs increased. Both the grain subdivision mechanism and share bands 

contributed to the grain refinement. 

(3) The adiabatic heating produced by severe ARB deformation promoted the formation of the 

recrystallization texture components: Cube, Goss and rotated Goss. The recrystallization 

retarded grain refinement and led to the formation of equiaxed grains for high ARB cycles. 

The waviness structure caused by the shear bands reduced the intensity of the rolling 

texture of Al. Shear texture components were not observed due to the destroying of shear 

texture during the ARB process as well as the effect of recrystallization. 
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CHAPTER 5 

MICROSTRUCTURAL AND TEXTURE EVOLUTION OF TITANIUM DEFORMED IN 

MULTILAYERED TI/AL/NB COMPOSITES PROCESSED BY ACCUMULATIVE 

ROLL BONDING 

 

Abstract 

    Multilayered Ti/Al/Nb composite sheets were successfully processed using the accumulative 

roll bonding technique. The microstructure and texture that formed after cold rolling were 

characterized using scanning electron microscopy (SEM), transmission electron microscopy 

(TEM) and electron backscattered diffraction (EBSD). Nanoindentation was also performed. 

Twinning was observed in the Ti phase for all stages of deformation but had little influence on 

the microstructure. Grain refinement was achieved due to the accommodating of shear bands to 

the limited slip system of Ti. Recrystallization occurred at high ARB cycles as a result of 

adiabatic heating. The Schmid factor showed that Basal and prismatic slip systems dominate at 

low ARB cycles, while at higher deformation the first-order and second-order pyramidal slips 

were active. 

 

Keywords: Accumulative roll bonding; EBSD; Ti; Texture; Recrystallization 

 

5.1 Introduction 

    A promising procedure for processing Ti/Al/Nb multilayered composites is the accumulative 

roll bonding (ARB) of element foils followed by stage reaction annealing. The ARB process has 
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been applied to various metallic sheets and multilayered composites successfully [1-5]. This 

process is performed in air so no vacuum or inert atmosphere is needed. The bonding is carried 

out at room temperature and no thermo-mechanical process is involved.  During previous 

research, TiAlNb composites and Ti-49Al-Nb (at%) alloys have been successfully synthesized 

by our group using this method followed by annealing [6-8].   

    The preferred orientations play an important role in various mechanical and physical behavior 

[9]. The texture of crystal grains commonly exist in cold roll metals. In recent years, the texture 

of single metals, such as Cu [10], Al [11] and Fe [12], processed by ARB has been widely 

investigated. The orientation evolution of ARB processed bi-metal systems, including Al-Al (Sc) 

[13], Cu-Nb [14], and Al-Cu [15], has also been reported. However, to date there are no 

publications for the texture analysis of a tri-metal ARB processed system. Moreover, the 

difference between the crystal structures of hexagonal close packed (hcp) Ti and cubic Al/Nb 

may influence the deformation process of ARB. The aim of our current study was to clarify the 

microstructure and texture evolution of Ti during ARB processing of Ti/Al/Nb composites. The 

investigation of the Nb and the Al phase has been conducted in previous research. 

 

5.2 Experimental procedure 

      The materials used in this work were commercially pure titanium, aluminum and niobium 

elemental foils with purity levels of 99.9%, 99% and 99.8%, respectively. Ti foils with thickness 

of 0.075mm, Al foils with thickness of 0.075mm, and Nb foils with thickness of 0.030mm were 

employed. Prior to stacking, the foils were cleaned by acetone then methanol in an ultrasonic 

bath, and then scratched using a stainless steel brush. The brushed foils were stacked in 23 
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alternative layers with Ti foils in both ends which are illustrated in Fig 5.1. The stacked foils 

were then subjected to accumulative roll bonding (ARB). 

    Cold rolling was performed within 10 minutes after preparation to avoid surface 

contamination. A rolling mill with two 100mm diameter rolls was used, with both rolls operating 

at the same speed of 0.192m/sec. The rolls were neither lubricated nor heated. The stacked foil 

sandwich was bonded into one piece after the first pass of rolling under ambient temperature. 

After a 50% reduction in thickness, the bonded piece was cut into two halves along the rolling 

direction, surface cleaned, stacked again and rolled to 50% reduction. This constitutes one ARB 

cycle. In the current study, samples were rolled to one, two, three and four ARB cycles. In order 

to prevent the propagation of edge cracks, specimen edges were trimmed and smoothed down 

before each following cycle [16]. 

    The deformed specimens were cut along the longitudinal plane (defined by the normal 

direction ND and rolling direction RD) and prepared by conventional metallographic methods. 

Samples were first grinded using SiC papers with particle sizes varied from 120 to 600 grits. In 

order to achieve a flat and distortion free surface which is required for high quality EBSD data 

acquisition, the samples were further polished by diamond suspension followed by OPS solution 

with 20% hydrogen peroxide. The samples were cleaned in an ultrasonic bath to remove the 

residual OPS on the surface of the specimens. 

    The polished samples were analyzed with a JEOL 7000F FEG-SEM operating at 20kV and 

equipped with a HKL EBSD system. The microstructure and texture were investigated at half 

thickness of the specimens in a 40µm by 10µm area in the Ti phase. A step size of 0.1 µm was 

used in texture measurement so totally 40,000 data points were collected on each sample. The 

Kikuchi patterns were acquired by a sensitive EBSD CCD camera and processed with the HKL 
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Ti=0.075mm 

 

 

Fig 5.1 Schematic of the Stacking sequence of the total 23-layer foils that will subject to 

Accumulative Roll Bonding.  
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Channel 5 software. 

    Ultra-thin Ti foils were prepared for TEM characterization using a dual beam FIB system (FEI 

Quanta 200 3D). The site-specific electron transparent foils, which were defined by normal 

direction ND and rolling direction RD, were lifted out from the bulk samples and finally thinned 

to around 100nm in thickness. The TEM examinations were carried using a FEI TECNAI F20 

TEM operating at 200kV and equipped with a Gatan CCD camera for image acquisition. 

    Hardness data on the Ti layers were obtained via a Hysitron Triboindenter with a Ti-0039 

Berkovich nanomechanical indenter. Before the experiments, the indenter was calibrated by a 

standard indentation procedure in silica. During the tests, a load of 3000µN was applied to the 

thickness center of each sample. Nine indents were applied on each sample and the distance 

between each indent was 6 µm. This was done to assess the variation in hardness as a function of 

ARB cycles. 

 

5.3 Results 

Fig 5.2 shows the SEM micrographs of the Ti/Al/Nb composites produced by ARB process. 

The entire evolution of the microstructure was shown in our previous research on the texture 

evolution of Nb and Al. After the 50% initial bonding, all 23 layers were clearly observed, and 

the deformation of the three different metals was almost homogeneous. Some necking and 

breaking occurred in the Ti layers. As the cycles of ARB increased, more strain was introduced 

into the sample and breaking of the Ti and Nb phases into discrete layers occurred. After four 

cycles of cold rolling, a structure of discrete Ti and Nb layers homogenously distributed in an Al 

matrix was achieved.  

    Fig 5.3 shows the band contrast (BC) maps of the Ti layers for samples subjected to  
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Fig5.2  SEM micrographs of longitudinal cross-section of Ti/Al/Nb composite after (a) 50% 

reduction of primary sample preparation, ARB processing for (b) 4 cycles. 
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Fig 5.3  The band contrast maps of samples processed by (a) as received Nb, (b) one ARB 

cycles, (c) two ARB cycles, (d) three ARB cycles and (e) four ARB cycles. 
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different ARB cycles. The 40µm by 10µm investigation area is relatively small compared with 

the entire longitudinal area of the sample, which means that the present study was mainly 

focused on the local microstructure and local texture. Fair quality maps were obtained in most 

areas of all ARB processed specimens. The darker contrast represents lattice defects, such as 

grain boundaries, subboundaries and dislocations [17].  It can be seen that in Fig 5.3 (a), which 

represents the sample processed by one ARB cycle, a few twins were observed and some 

elongated grains along the rolling direction were present. A small amount of twinning was 

observed in all stages of the ARB process. As the strain increased, more refined grains and 

subgrains were found. 

    The texture of rolled hcp materials are commonly represented by { }< >, where 

{ } planes of the grains lie parallel to the rolling plane, and the < > direction is parallel 

to the rolling direction [9]. In order to identify the twining system activated during the ARB 

deformation, the misorientation angle distributions (Fig 5.4) were calculated from the EBSD 

data. It can be seen that all of the misorientation distributions exhibit three peaks around 30o, 65o 

and 85o, but at a low fraction. The peaks around 30 degree belong to the basal fiber texture which 

suggests that is the most probable relative orientation of two adjacent grains [18] and it is 

commonly expected for deformed hcp metals. The peak around 65o and 85o can be explained by 

deforming twinning, since the {1010} and {1012} twins rotate the crystal 65o and 85o around 

the axis <1011> and <1210> in α-Ti, respectively.  

    Fig 5.5 shows the EBSD orientation maps for the Ti for all samples.  Due to the existence of a 

large amount of defects for the samples subjected to higher ARB cycles, a slight noise reduction 

procedure was performed. The Φ1 =0o ODF sections of deformed Ti layers in the various ARB 

deformed samples are displayed in figures 5.6.  The main texture components were distributed  
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Fig 5.4  Distributions of boundary misorientation angles of the Ti layers in samples subjected to 

(a) one ARB cycles, (b) two ARB cycles, (c) three ARB cycles and (d) four ARB cycles. The bin 

size is 2o. 
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Fig 5.5  The orientation maps of Ti in samples processed by (a) one ARB cycles, (b) two ARB 

cycles, (c) three ARB cycles and (d) four ARB cycles. The stereographic triangle shows the 

crystal directions parallel to the sample ND.  
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Fig 5.6  Φ1 =0o sections of the ODFs of TI in the samples processed at different ARB cycles. (a) 

one ARB cycles, (b) two ARB cycles, (c) three ARB cycles and (d) four ARB cycles. 
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around {Φ1 =0 o , Φ =35 o , Φ2 =0 o } and { Φ1 =0 o , Φ =35 o , Φ2 =30 o } at the one cycle ARB 

processed Ti. As the strain increased, the {Φ1 =0 o, Φ =35 o, Φ2 =30 o} component disappears on 

the sample processed after two and three ARB cycles, and re-appeared at the final stage of the 

ARB process. The {Φ1 =0 o, Φ =35 o, Φ2 =0 o} texture component displayed was in all figures 

with some scattering and little intensity fluctuating.  

    The TEM analysis of the Ti phase after two ARB rolling cycles (Fig 5.7a) revealed a laminar 

structure of the Ti grains. As the ARB cycles was increased to four, small fine equiaxed grains 

were founded with the existence of finer laminar grains, which confirmed the results showed in 

the band contrast images (Fig 5.3). Fig 5.8 shows the nanoindents on the Ti layer of the four 

ARB cycles sample. All nine indents were clearly observed using the SEM. The variation of 

average hardness with the rolling condition is depicted in Fig 5.9. As the number of ARB cycles 

increased, the hardness of Ti tended to increase, which is in accordance with the grain refinement 

observed in the band contrast images (Fig 5.3) and TEM bright field results (Fig 5.7). Thus, the 

hardness increasing could be explained by Hall-Petch relationship. 

 

5.4 Discussion 

      In general, during the co-deformation of dissimilar metals, the difference between the flow 

properties of the constituent phases causes necking and departure of the harder phase [19]. The 

sequential necking in the harder Ti and Nb layers and accommodating flow of the softer Al leads 

to the wavy structure. The waviness of the layers for the highest ARB cycles employed in this 

study (Fig 5.3) is the result of the formation of shear bands during cold rolling.  

    It is well know that the deformation twinning plays an important role for plastic deformation 

of hcp metals. The 65o <1011> and 85o <1210> boundaries, which were corresponding to 
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Fig 5.7  TEM bright field image for Ti phase in the samples processed by (a) two ARB cycles 

and (b) four ARB cycles. 
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Fig 5.8  Nanoidentation arrays on the Al layer of the four cycle ARB processed samples. 
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Fig 5.9  Nanoidentation hardness variation for Al layer with number of ARB cycles. 
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{1022}<1123> compressive twin and {1012}<1011> tensile twin, were most frequently 

observed in rolled hexagonal metals [20], which is confirmed from the misorientation angle 

distributions. Samples processed for all ARB cycles displayed concentrated fractions near the 

misorientation angle of 65o and 85o, but none of the peak intensity is very high. The low intensity 

of the 65o and 85o indicates a limited influence of both compressive and tensile twins on the 

development of texture for our samples. Chun [20] reported that the effect of twins on texture 

was only observed at low to moderate thickness reduction (≤40%) of cold rolling pure Ti. Terada 

[21] also commented that the deformation twinning has little influence on the microstructure and 

texture evolution of  Ti subjected to high ARB cycles, which is in agreement with the 

observations of the current study.  

    The formation of fine equiaxed grains results from the existence of shear bands. Since hcp Ti 

has far fewer deformation modes than cubic materials, which have massive slip systems, it is 

very difficult to provide enough independent slip systems to meet von Mises criterion [21, 22]. 

In such situations, the shear band may accommodate the total deformation and localized large 

strains near the band. The localized stain produces enough dislocations and HAGBs, leading to 

the appearance of finer grains at higher ARB cycles. With the grain refinement, no obvious trend 

of the increasing of the fraction of HAGBs with the number of ARB cycles was observed in Fig 

5.4. That may be a result of the relatively low index rate for the EBSD of the high ARB cycles 

Ti, which is around 70%. The mis-indexing on the large area of defects can result in less 

calculation of the fraction of HAGB. 

    The {0o, 35o, 0o} component observed in Fig 5.6 is a typical texture for cold rolled hcp 

materials, while the {0o, 35o, 30o} component represents the effect of recrystallization. The 

recrystallization texture occurred in the Ti after the first ARB cycle and diminished after the 
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second ARB cycle, which indicates recrystallization components were from the as-received Ti. 

After three ARB cycles, slight recrystallization was observed again and obvious recrystallization 

peak was observed after four ARBs. The reappearance of {0o, 35o, 30o} components is an 

indication that recrystallization happened at high deformation. The adiabatic heat produced 

during severe ARB deformation may play an important role for this phenomenon. The thermal 

conductivity of Ti is extremely low compared with its surrounding Al. Thus, it is expected that 

significant local temperature increase is expected in the Ti phase especially near the shear band 

region [21]. The rising temperature assists the recrystallization of Ti and contributes to the 

formation of equiaxed grains rather than elongated ones. The intensity of rolling texture did not 

increase much with the increasing strain, which is a result of the waviness structure leading to 

intensity spreading and scattering [19]. 

    Besides twinning, the textures of cold rolled hcp metals are affected by the slip systems, which 

are categorized by the c/a ratio [9]. For titanium (c/a=1.588), whose c/a ratio is smaller than 

1.633, several slip systems are typical: basal {0001}<2110>, prismatic {1100}<1120>, 

pyramidal {1101}<1120>, first-order pyramidal {1011}<1123> and second-order pyramidal 

{1122}<1123>. The Schmid factors for these slip systems were calculated using the normal and 

slip directions by Zeng [23] et al., which are shown in Fig 5.10. The RD inverse poles figure 

(IPF) for Ti processed at different ARB cycles are given in Fig 5.11. It is a feasible way to 

understand which slip system is activated during cold rolling by comparing Fig 5.10 and Fig 

5.11. At the beginning of deformation (Fig 5.11a), the highest intensity In the IPF triangle was 

matching up with Fig 5.10a, where the largest Schmid factor represented basal slip. Meanwhile, 

weak prismatic slip was observed near (1010). As the deformation was increased at two ARB 

cycles (Fig 5.11b), the maximum intensity still indicated basal slip, while the intensity of  
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Fig 5.10  Goss projection for commercially pure Ti calculated by Zeng [23] et al. with curves of 

Schmid factors for: (a) basal, (b) prismatic, (c) pyramidal, (d) first-order pyramidal and (e) 

second-order pyramidal slip systems. 
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Fig 5.11  Inverse pole figures of the normal direction for the Ti EBSD maps of Fig 5.5. Samples 

were processed by (a) one ARB cycles, (b) two ARB cycles, (c) three ARB cycles and (d) four 

ARB cycles. 
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prismatic slip decreased. At high deformation of three and four ARB cycles (Fig 5.11c-d), basal 

slip still existed but the maximum intensity was rotated to (0001) which indicated extensive 

activities on the first-order and second-order pyramidal slips. Thus, the results showed that the 

basal and prismatic slip systems play an important role for low ARB cycles, while at higher 

deformation the first-order and second-order pyramidal slips dominated the deformation process. 

 

5.5 Conclusions 

(1) During the processing of Ti/Al/Nb composites, a structure of discrete Ti and Nb layers 

distributed in an Al matrix was formed. Shear bands were observed for sample subjected to 

high ARB cycles due to the different mechanical flow properties between dissimilar 

elemental metals. 

(2) A small amount of twinning was observed at all stages of deformation. Both tensile and 

compression twinning has little influence on the microstructure and texture. 

(3) Grain refinement was achieved as the number of ARB cycles increased. The shear bands and 

adiabatic heating contributed to the recrystallization and the formation of small equiaxed 

grains. 

(4) Basal and prismatic slip systems play an important role at low ARB cycles, while at higher 

deformation the first-order and second-order pyramidal slips dominates. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

 

6.1 Conclusions 

      The microstructure and texture of the Nb, Al and Ti layers were studied in multilayered 

Ti/Al/Nb composites processed using the ARB technique up to four cycles. The main results are 

as follows: 

(1) The ARB process can be used to produce Ti/Al/Nb multilayered composites. With 

increasing number of ARB cycles, Ti and Nb layers started to neck and deform due to the 

non-uniform distribution of strain. The much softer Al layers have a higher strain 

distribution. The different mechanical flow of the dissimilar metals led to heterogeneous 

strain distribution. The non-uniform strain across the sample formed the shear bands, which 

cut the Ti/Nb layers into pieces due to the deformability of Ti and Nb being less than that 

for Al. The nearly-uniformly distribution of Ti/Nb in Al matrix should promote the 

formation of intermetallics during the annealing stage. 

(2) The increased fraction of HAGBs with the increased number of ARB cycles indicated grain 

refinement. Decreased grain size was achieved in all three elemental phases which can be 

explained by grain subdivision mechanism and texture mechanism. Shear bonds contributed 

to the decreasing of grain size not only for Al by splitting up the grains, but also for Ti by 

accommodating the limited slip systems. 
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(3) The adiabatic heating, which was introduced by the large amount of strain, formed partial 

recrystallization textures in the Nb, Al and Ti phases. The partial recrystallization during the 

ARB process cancelled out strain accumulation and restrained HAGB growth. 

(4) In the literature for pure Al subjected to ARB or traditional cold roll bonding, shear texture 

was not observed. In the current study, shear texture was expected because of the 

observation of shear bands on the Ti/Al interface. However, shear texture was not observed 

on Al due to the destroying of shear components during ARB process as well as the effect of 

recrystallization. 

(5) Both tensile and compression twinning has little influence on the microstructure and texture 

of Ti because of the high amount of reduction. Basal and prismatic slip systems play an 

important role at low ARB cycles, while the first-order and second-order pyramidal slips 

were active for higher ARB cycles. 

(6) Partial recrystallization was observed in all three elemental phases. It can be predicted that 

during the 1st stage annealing of sample processed by ARB, the full recrystallization will 

take less time for Nb, Al and Ti in our tri-metal system than that for cold rolled single 

metals.  

 

6.2 Future work 

A mathematical model of ARB on this tri-metal deformation could be approached. Some other 

research shows the mathematical modeling examples with the assumption of flat rolling of each 

layer.  For our research, the heterogeneous distribution of the strain must be considered. This is 

definitely difficult to  approach but the results will be exciting and extremely valuable. 
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In order to achieve final gamma TiAl intermetallic alloys, staged reaction annealing needs to 

be performed. The first annealing is performed at 600oC and the following heat treatment is 

carried out at higher than 1000 oC. The texture analysis can be studied at the annealing stage to 

investigate the full recrystallization of the constitutional elements, the phase transformation from 

alpha Ti to beta Ti, and so on. 

 

 


