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ABSTRACT

Multilayered Ti/Al/Nb composites were processed by the accumulative roll bonding (ARB)
process using elemental foils of titanium, aluminum, and niobium. The rolled multilayered
composites (MLCs) were prepared by ARB process up to two ARB cycles. The microstructure
and texture evolution of the Ti, Al, and Nb in the MLCs were studied utilizing X-ray diffraction
(XRD) and scanning electron microscopy (SEM) equipped with electron backscattered
diffraction (EBSD). The characterizations of crystallographic texture and microstructure were
conducted using a creative approach; a layer by layer method on the rolling plane
Texture evolution in the MLCs produced by symmetric rolling and asymmetric rolling was
also studied in a layer by layer manner. In addition to studying the texture evolution of the Nb in
the MLCs produced by the ARB process, the Bingham distribution was used to model the
orientation distribution function (ODF) by employing MTEX, a quantitative texture analysis
toolbox for Matlab®. This provided a bridge for the gap between experiments and Bingham
modeling in terms of the crystallographic texture.
As the numbers of ARB cycles increased, the microstructures tended to be heterogeneous
through the thickness. Also, the texture development of the mating layers in the MLCs exhibited
multiple texture domination rather than random. Furthermore, the developed textures of the
layers in the MLCs during the ARB process were significantly different from that produced by
conventional rolling. The characteristic textures formed in the MLCs subjected to the ARB

ii

process implied that the partial recrystallization and recovery occurred as a result of the adiabatic
heat.
The shear and compressive strain distributions were inhomogeneous through the thickness.
Thus, the texture developments of the layers in the MLCs suggested a strong locational
dependence. Where, the surface and the middle layers tended to form textures attributed to the
shear, while, the transitory layers tended to form texture components induced by the compression.
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CHAPTER 1
INTRODUCTION
1.1 Composites
Composites are a combination of different materials dissimilar structures jointed by an
adhesive or mechanical bonding. They are utilized to give performance that is superior to the
properties of the individual materials used to make the composite. Fig.1.1 shows the Modulus of
various engineering materials and composite versus density [1]. From the figure, it can be
observed that the modulus of the engineering composites is competitive and comparable to that
of the alloys or engineering ceramics, but with a lower density. The concept of combining
dissimilar materials provides exciting opportunities for designing a wide variety of materials
with desirable property combinations such as modulus, strength and thermal conductivity, which
may not be met by any of the single conventional metals [2].
The laminated composites have been shown to have excellent strength as the layer thickness
can be reduced to the micro or nano level [3]. Thus, the laminated composites made with a thick
laminates have a relatively low strength but a high conductivity in comparison with that of the
bulk materials [4]. The strengthening mechanism of the composites usually depends on the type
of reinforcement components. For the particle reinforcement, a small amount of particles, such as
the WC-Co cemented carbides [3], are used to strengthen the particle-matrix of the composite.
These particles tend to restrain the movement of the matrix phase in the vicinity of each particle
[2].
1

Fig.1.1 Schematic showing the modulus of typical engineering materials and composites as
a function of density [1].

2

Fiber reinforced composites involve a high stiffness on a weight basis [5]. These features
are classified by the ratio of the tensile strength to the specific gravity and modulus. In addition,
the fiber reinforced composites are susceptible to the fiber length, phase and fraction [6]. For the
structural reinforced composite, which is normally composed of the homogeneous or
heterogeneous composite, the properties of the composite depend not only on the constituent, but
also on the geometrical design of the matrix. Based on the morphology of the structural
reinforced composite, it can be in a laminated shape or sandwich panel shape. The mating
materials in the laminated material can be fabric materials such as cotton, paper, or woven glass
[7]. The bonding methods can be sorted by adhesive, chemical deposition or mechanical pressing
[3]. It is noteworthy that the purpose of designing the structural composite is usually required to
accommodate the properties in an anisotropic manner, meaning the composites need to have a
relatively high performance in a given number of the direction to undertake different types of
loads [8].

1.2 Metallic Matrix Composites (MMCs)

The metallic matrix composites (MMCs) consist of both ductile and brittle materials

and

have been widely used in aerospace and automotive applications [7]. These mating materials are
unique in consideration of their high strength, ductility, thermal and electrical conductivity [2, 9].
Thus, when a combination of desired properties is required, composites which combine metallic
materials together to satisfy the best properties of the constituent materials are utilized. The
3

MMCs have been used extensively in applications that require materials with high strength and
conductivity [10, 11].
Normally, the MMCs are binary systems, of metallic materials with the face centered cubic
(FCC) or body centered cubic (BCC) [12]. This is because; it is believed that the FCC and BCC
mating couples are desirable for their excellent work hardening ability and electrical conductivity.
The processing method of such MMC can be classified as consolidation or synthesis (adds fiber
reinforcement to the MMC or deforms the mating materials) [2]. In the following decades,
numerical efforts were conducted to manufacture the MMC with limited associated time and cost.
However, most common methods to prepare the MMC were still limited to process such as wire
drawing, layered consolidation, and extrusion [13, 14]. For these methods, it is difficult to
control the microstructure and reproducibility. So, there is a need to find a method to overcome
certain aspects of these challenges. A promising method using the roll bonding to overcome
some of these challenges has been investigated by Acoff et al [15, 16].

1.3 Accumulative Roll Bonding (ARB)

The accumulative roll bonding (ARB) process has been established as an effective method
to fabricate MMCs and multilayered composites (MLCs) composed of alternating soft/hard
metals. The schematic of the ARB process, for the metals used in the present study, is illustrated
in Fig.1.2. Compared to other severe plastic deformation (SPD) processes, such as equal channel
angular extrusion and torsion, the ARB process can be more easily scaled up for large production
4

Fig.1.2 Schematic of the ARB process for the metals employed in the present study.
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and customization for specific applications [17, 18]. Briefly, ARB is a mechanical bonding
process which dissimilar structured layers of metal or alloys are stacked together and rolled to
specific amount of reduction to produce a MMC.
The ARB process is an ideal candidate method for processing MMCs and MLCs [19, 20].
This solid-state deformation process can be considered for practical industry and research
applications to produce bulk multilayered materials with an ultra-fine grained (UFG) or Nano
lamellar structure [21, 22]. In addition, these MLCs can be heat treated to form intermetallic
compounds [23].
After years of intensive studies on the use of the ARB process to fabricate MMCs with UFG
structured lamellar sheets, the investigation on ARB processed MMCs have been extended into
multi-length scales, ranging from the micrometer scaled bulk metallic materials [24] to
Nano-scaled composites [12, 25]. Another research trend for the MMCs and MLCs produced
using the ARB process is the use of a combination of distinctively structured materials.
Examples include Mg/Al [26, 27], Cu/Al [28], Cu/Ag [29], Cu/Nb [30], Ni/Ag [31] and Zn/Al
[32], which utilize one relative light material with a relative hard material. This provides a
balance of materials properties
The structures of the MLCs processed by the ARB process were classified into two
morphologies. If the mating materials have the similar flow properties, then, the composites
tended to form the homogeneous laminated structure after the ARB process [29]. If the mating
materials have dissimilar flow properties, the composites tended to form heterogeneous
structures, with the harder phase necking and fracturing in the softer phase [28]. In addition,
6

researches on ARB processed composites have involved the modeling of deformation and the
estimation of mechanical properties. The analytical models that incorporated the stress and strain
conditions of multilayered Ti/Al processed by the ARB method [17] have suggested that the
shear behaviors of the ARB process are significantly higher than conventional rolling, and is
therefore more controversial.
In order to evaluate the mechanical properties of MLCs and MMCs processed by multiple
ARB cycles, the tensile tests at a slow strain rate, microhardness and nanoindentation tests were
carried out on both single phased materials [33, 34] and those composed of binary phases such as
Ni/Al [24], Pd/Al [35] and Mg/Al [26]. Those tests were conducted geometrically conducted
following two directions: RD and normal direction (ND). Results showed that during rolling, the
yield/ultimate strength, hardness and elastic modulus increased as the number of ARB cycles
increased. In addition, the ratio of individual layer thickness affects the hardness [36].

1.4 Texture

It has been noted that the deformation history in the roll bonding process is critical. To
analyze the deformation history of the rolling process, and the anisotropic characteristics of the
rolled MMCs and MLCs, the tendency of the grain orientations is useful. The orientation
distribution, the sharpening and dispersion are indicators of the deformation process. Since the
crystallographic orientation is strongly influenced by the deformation, the texture evolution
during the ARB process is dependent on the processing conditions such as the reduction and
7

rolling speed.
The amount of deformation is believed to influence the texture, which, in turn, affects the
microstructural evolution and the rolled products’ performance [37]. In particular, it has been
demonstrated by Lee and Saito that the strain distribution after the multi-cycle ARB process
exhibited alternative strengthening of shear strain with increasing numbers of ARB cycles. The
maximum strains are intended to distribute selectively along the location across the rolled sheet
[38]. This is illustrated in Figure.1.3.
In addition to the above important observation from Lee and Saito, Kocich and Fojtík
studied the strain and stress condition between the layers of the materials subjected to the ARB
process [39]. They suggested that the behavior of the stress condition was significantly different
from that for conventional roll bonding (Fig.1.4). In this work, one of the essential findings was
the occurrence of the effective deformation zone was a function of a specific region through the
sheet. Furthermore, the finite-element analysis (FEA) suggested that a tensile stress was also
present during the ARB process. The strain-stress nature revealed there was a great difference
between that observed for the ARB process compared to that observed for conventional rolling.

1.5 Representation of Crystallographic Texture

The polycrystalline materials are comprised of a variety of differently oriented grains with
different dispersions. Each grain is periodically arranged in an order based on the specific
structure of the metallic material. In order to represent the relationship between the grain spatial
8

Fig.1.3 Distribution of the strain through the thickness of Al ARB processed to (a) one, (b)
two, (c) four, and (d) eight cycles [38].
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Fig.1.4 Modeled behavior of the isochromatic strain under the ARB process [39].
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orientations and its axis, the ND, RD and transversal direction (TD) are defined. The common
method to define a specific orientation is achieved through transformation between the crystal
frame and sample frame [40]. The Miller indices {HKL} <UVW> are used to represent the
texture component. The indices mean that for a given orientation, the {HKL} plane lies along the
rolling plane, and the <UVW> is parallel to the RD. A typical example of using the texture
component (Goss texture {110} <001>) to represent the texture is shown in Fig.1.5 [41]. For the
hexagonal closed packed materials such as Ti and Mg, there is a conversion between the Miller
indices, which is {hkil} to {HKL}:
h = H; k = K; i= -H-K; l=L
For the directions, that is <uvtw> to <UVW>:
u = 2U-V; v =2V-U; t = -U-V; w =3W
In addition to describe the crystal orientation based on the Miller indices, the pole figures
(PFs) are also a common way to represent the texture. The PFs are the map of a selected set of
crystal planes (projection planes) that are normally plotted with respect to the sample frames
denoted in the RD, TD and ND. The definition refers to the plane normals because usually the
results were obtained through the use of X-ray diffraction. Thus, the crystal directions can be
equally treated [42]. For the estimation of the PFs, it should be noted that there is a limitation.
There is no information on the PFs about the specific grain direction lying on the plane.
Therefore, the pole figure only represents a projection of the texture information. Besides that,
the crystal symmetry is very important, for example, the cubic materials generally have a higher
symmetry than that of the triclinic materials. Thus, the actual plane normal is coincident with the
11

crystal direction. So, three projections are enough to represent for cubic materials, but, more than
five projections are necessary for triclinic materials.
The Fig.1.6 represents a {100} pole of a cubic crystal [37]. For the construction of a PF, the
normal of the plane originates a line and touches the shell of the north hemisphere of the stereo
projection. Then, it reflects back to the south pole, leaving a point on the equatorial plane. Thus,
a (100) pole is obtained. The PF can be projected into a stereographic or equal area projection. In
this study, the stereographic projection is utilized.
In addition, the Euler-Bunge angles will be used to transform the sample frames, which are
a sequence of the rotational angle to convert the sample frame into the crystal frame [37]. The
Euler-Bunge angles are defined as ( 1 , , 2 ). It should be noted that the rotation in the
Euler-Bunge angles is not an equivalent operation, meaning the sequence of the rotation must
follow an exact order, which is: (1) rotation around the Z-axis, (2) rotation around the new
crystal normal X axis, then (3) the rotation around the new Z-axis. The rotation and initial
definition of the space is illustrated in the Fig.1.7 [43].
Instead of using the texture component to represent the orientation in this study, the
orientation distribution function (ODF) is also used. This gives the frequency of the possibility of
a given orientation appearing during rolling. Each component has a precise location on the ODF,
as shown in Fig.1.8 [44]. The individual spots represent a crystal and each has a specific
orientation with respect to the rotational operation. Due to the symmetries of the materials, the
Euler-Bunge space for cubic samples can be trimmed down to 0 ≤ ϕ1 ≤ π/2, 0 ≤ Φ ≤ π/2, and 0 ≤
ϕ2 ≤ π/2, while for HCP materials, it is defined by 0 ≤ ϕ1 ≤ π/2, 0 ≤ Φ ≤ π/2, and 0 ≤ ϕ2 ≤ π/3.
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1.6 Characterization Techniques for Orientations

Two techniques are used in this dissertation to collect the crystallographic information: X-ray
diffraction and electron backscattered diffraction (EBSD). The X-ray diffraction technique used
to measure the macrotexture information has been well established for over 50 years [37]. The
fundamental process is shown in Fig.1.9 [45]. The Schulz back-reflection method involves the
use of a monochromatic beam of radiation of a given wavelength with the Bragg angle fixed for
a chosen set of the lattice planes {HKL}. If a polycrystalline material is rotated in space, then
when the {HKL} planes coincide with the Bragg condition (= 2dsin) for their interplanar
spacing, a diffracted intensity is measured. Thus, each scanning frame from an X-ray texture
goniometer is a 2 chart showing the intensity with respect to the rotation angle of specific  and
.
Experimentally, the X-ray diffraction scan of a highly textured material tends to exhibit a
limited amount of the dominate peaks. Due to the variation in energy level, lattice parameters
and density of the materials, the results collected by the X-ray diffraction method was only able
to measure the average texture at a surface (m level penetration) instead of the localized texture.
Thus, precisely, there is no spatial resolution about the misorientation that can be obtained. It
should be noted here, that a single PF does not provide enough information to determine the
whole texture, since only one plane normal is measured, thus, to overcome this, multiple PFs are
required to measure at the lowest index reflections, because these low reflections have the
smallest Bragg angles, and therefore the highest intensity. Because the bulk texture measurement
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Fig.1.5 The Goss texture component with respect to the sample frame [41].

Fig.1.6 The {100} pole of a single cubic crystal [37].
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Fig.1.7 Illustration of the Euler-Bunge angles [43].

Fig.1.8 A 3D plot of the ODF space [44].
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Fig.1.9 Principles of PF measurements using the Schulz back-reflection method by means of a
texture goniometer working in the θ−2θ scanning mode [45].
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frequently involves the high tilt angle of , it is necessary to perform defocusing and background
correction because of the loss of intensity and ghost peaks [42].
The schematic illustration of the EBSD measurement is shown in the Fig.1.10 [46]. For the
EBSD, the local orientations are determined from the measurement of the electron backscattered
Kikuchi pattern. A series of Kikuchi patterns are generated and collected by a phosphor screen.
The screen collects the patterns and recognizes them as the bands of electrons diffracted from the
planes in the crystal [40]. After that, the patterns are indexed by the imaging analysis software
based on the pattern indexing. Each pixel from the pattern is represented by a fixed orientation if
the lattice and sample frames were fixed. The patterns are collected in a point by point manner
and are projected in accordance with the scanning area, then, finally, an EBSD map is obtained.
The orientations are saved as the Euler-Bunge angles.
In comparison with the X-ray diffraction technique, the advantage of the EBSD method is
that it provides the localized orientation information. Since the spatial resolution of EBSD can be
as low as 50 nm, the relationship of neighboring grains and misorientation is clear compared to
XRD. Also, the visualized mapping provided by EBSD can be a useful tool to identify the
specific orientation with the color map [47].

1.7 Deformation Texture

Most information with respect to deformation textures deals with metallic materials
subjected to plastic deformation. Among the FCC materials with high stacking fault energy such
17

as the Al, the deformation textures tend to distribute along the -fiber (<110>//ND) at a low
strain level. For a higher strain such as that produced for more than 70% reduction, the textures
tend to distribute along the -fiber (start from the copper to the brass texture in accordance with
the ODF) texture [48]. A number of the typical texture components formed in the FCC materials
is shown in the Table.1.1 [42].
For the BCC structured materials, such as Nb used in this study, the rolled textures tend to
form fiber textures, which means most of the orientations are assembled along two characteristic
fibers through the ODF. These fibers are shown in the Table.1.2 [48]. It has been reported that for
manufacturing interstitial free steel subject to SPD, textures tended to segregate along the -fiber
{HKL} <110> [49]. Furthermore, with the increase of applied plastic strain, the texture tends to
shift the peak intensity from the -fiber texture to the {111} <110> and the {111} <112>, which
are belong to the -fiber texture [50]. Normally, in order to interpret the deformation textures of
BCC materials, the variation of the orientation density along both the -fiber and -fiber are used
[51].
In comparison with the FCC and BCC materials, the studies conducted on the texture
evolution of HCP materials are very limited [42]. It has been believed that the twinning is an
important deformation mode for the HCP materials besides the slips. The slip systems for the
HCP materials are shorthanded, and the basal slip {0002} <1120> of that exhibit a dependence
on the c/a ratio [52]. The most important twinning system of the HCP materials are tensile
{1012}/<1011> and compressive {1122}/<1123> twinning, but the activity of these twinning
systems significantly depend on the temperature, strain, alloying elements, and load types [53].
18

Fig.1.10 Schematic illustration of EBSD measurement [46].
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Table.1.1 Texture components in rolled FCC materials with respect to the Euler-Bunge
space [42].
Component

{HKL}<UVW>

1 

Copper

{112}<111>

90 35 45

S

{123}<634>

59 37 63

Goss

{110}<001>

0

Brass

{110}<112>

35 45 90

Dillamore

{4 4 11}<11 11 18> 90 27 45

Rotated Cube {001}<110>

2

45 90

45 0

0

Table.1.2 Characteristic fibers in BCC materials [50].
Fiber

Fiber axis

Euler angles (1 , , 2 )



<011>//RD

0,0,45 to 0,90,45



<111>//ND 60,55,45 to 90,55,45



<001>//RD

0,0,0 to 0,45,0



<011>ND

0,45,0 to 90,45,0
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1.8 Dissertation Organization

This is an article-based dissertation. Each chapter presents an article that has been either
ready or under revision for submission for publication. Chapter 3 presents an experimental
characterization of the macrotexture of Ti in the Ti/Al/Nb MLCs subjected to the ARB process.
The macro and microtexture are investigated by both X-ray diffraction and EBSD techniques by
a creative “layer by layer” method on the rolling plane (consisting of RD-TD).
In Chapter 4, the texture development of Nb in the multilayered Ti/Al/Nb MLCs has been
systematically studied in a “layer by layer” method. In addition, the Bingham distribution was
used to model the ODF. The rotation of the crystallographic orientation is another aspect that is
critically addressed.
Chapter 5 is devoted to develop and investigate the texture evolution of MLCs made both
symmetric rolling and asymmetric rolling. The anisotropic effects in texture, grain refinement
and characteristic texture components are studied.
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CHAPTER 2
RESEARCH OBJECTIVES

The MLC consisting of three different materials (Ti, Al, and Nb) processed using ARB
followed by annealing have been demonstrated to be an ideal candidate for fabricating the
intermetallic compounds ( -TiAl and

-

) [1, 2]. The microstructure and formability of the

above process regarding the experimental and thermal kinetics have been successfully carried out
by Acoff et al [3-5]. Although the ARB is a promising method, the texture-structure relationship
for the roll bonding stage of the MLC prior to annealing is still unclear. Usually, the binary
couples are studied extensively, such as the Al/Al alloy, Cu/Nb and Mg/Al. However, to date,
there have been limited publications on the texture study of the ARB processed materials
consisting of a ternary structured (HCP, FCC and BCC) MLC, it is necessary to study the
deformation systematically. Overall, the objectives of this dissertation are devoted to:

(1) The macrotexture deve opment of Ti in the mu ti ayered composites processed by the RB.
(2) The texture and microstructure evo ution of mu ti ayered Ti/

/Nb composite produced by

the symmetric ro ing and asymmetric ro ing.
(3) The texture evo ution of Nb in the mu ti ayered composites produced by the
using the Bingham distribution to mode the orientation distribution functions.
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RB and the
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CHAPTER 3
MACROTEXTURE DEVELOPMENT OF TITANIUM IN MULTILAYERED TI/AL/NB
SHEET PRODUCED BY ACCUMULATIVE ROLL BONDING

Abstract
Macrotexture development of Ti in multilayered Ti/Al/Nb sheets processed by accumulative
roll bonding (ARB) was investigated utilizing X-ray diffraction. Experimental results suggest
diversity in the dominant texture developed layer by layer during the ARB process. The texture
tended to be pronounced at {

̅ i} < ̅

> components for the surface and neutral layer as

defined by the anisotropic trend. However, transitory layers between them had some similarities
in compliance with plastic strain results. Grain refinement was observed after subjecting to
conventional roll bonding. After being subjected to various ARB cycles, compressive {
and {

̅ } and {

̅ }

̅ } twins occurred for low ARB cycles as well as basal, prismatic and

pyramidal slip activation. This contributed to texture development during ARB, which varied
with increasing numbers of cycles and reduction. Specifically, the texture that developed in the
1ARB specimen proved to have the most prominent anisotropic characteristics.

Keywords: Titanium; Accumulative roll bonding; Deformation texture; Orientation distribution
function; Pole figure
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3.1 Introduction
Titanium- aluminum alloys with high Nb content have been widely studied and attracted
much interest in high temperature structural applications, where low density and high oxidation
resistance are desired properties [1, 2]. Since simplistic and energy efficient processing methods
are lacking for some of these alloys, accumulative roll bonding (ARB) followed by annealing has
been investigated as an ideal candidate for processing  based titanium aluminide sheet materials
from elemental Ti, Al and Nb foils [3, 4]. Although ARB followed by annealing has proven to be
a feasible and sustainable method for processing gamma based TiAl, there are still many
questions involved in the structure-property relationship that occurs during processing. Of
particular importance are the texture developments during cold rolling, the anisotropic
characteristics, and the distribution of texture along both the rolling plane and the rolling
direction (RD) after ARB.
The ARB is a severe plastic deformation process [5]. Most studies on the ARB process to
date have focused mostly on single metals such as Al, Cu, or Fe. In addition, these studies have
generally focused on heat treatment and related phenomena. Previous works on texture in ARB
processed sheets have been limited to characterization of textures in multilayered composite
(MLC) of single alloys (e.g. Al or Fe) [6-8]. These previous studies found that there were
different texture component variations in materials subjected to the ARB process. Also, the role
of twinning in materials subjected to a variety of external factors such as different speed gear
ratios have been demonstrated by Kim et al [9].
To date, most research on Ti texture extensively examined texture components and its
evolution under different deformation [10-12] during rolling. Previous studies of rolled Ti
reported the development of ultrahigh strain and grain refinement corresponding to favorable
29

orientation distribution [13]. Texture studies on hexagonal materials have not been as intensively
or systematically investigated compared with cubic structured materials [14].
Works by pervious researchers, dealing with the development of crystallographic texture
subjected to ARB, have focused more on the development of texture along the rolling plane [15].
In the present study, as a consequence of the complicated deformation system, excessive shear
strain is applied on the surface region twice when each ARB cycle is repeated. Thus it is
necessary to understand texture evolution along the thickness of the rolling plane using a
systematic layered by layer approach. However, there is limited published research using this
approach. Some results have been reported by Saiyi Li et al [16], but they employed much
thicker samples compared with the current study. By utilizing X-ray diffraction and electron
backscattered diffraction (EBSD), incomplete pole figures and orientation distribution function
(ODF) plots were used to examine the texture development of Ti in Ti/Al/Nb MLCs processed
by the ARB. In this study, the plastic strain and thickness relationship combined with its
macrotexture evolution were also addressed in this study. The layer by layer method employed to
characterize Ti in ARB multilayered sheets will enhance and advance the understanding of the
texture phenomenon in ARB processed MLCs.
.

3.2 Experimental Procedures
3.2.1 Materials and ARB
The as-received elemental foils used in this study were commercial purity titanium,
aluminum, and niobium foils with purity of 99.9, 99 and 98% (wt. %), respectively. Initial
thicknesses of these elemental foils were 0.081mm, 0.074mm, and 0.032mm with relative
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dimension of 50mm (length) x 35mm (width). To achieve the nominal composition of Ti-46Al9Nb (at. %), 8 layers of Ti, 11 layers of Al and 4 layers of Nb foils (total 23 layers at 1.59mm
thick) were stacked alternately as illustrated in Fig.3.1a. The middle Al layer (12th) was initially
defined as the neutral plane as defined in Fig.3.1a. After stacking, the 23 elemental foils were fed
through the rolling mill and subjected to 40% reduction in the first pass as illustrated in Fig.3.1b.
This is equivalent to a Von Mises strain ( )̅ of 0.59.
The rolling mill has a roller diameter of 100mm and 150mm roller widths, and was operated
at a rolling speed of 410 mm/s. After the initial pass, the bonded 23 layers were cut in half along
the RD. The two halves were restacked and fed through the rolling mill again, as illustrated in
Fig.3.1c. This was one ARB cycle. The one ARB cycle specimen was sectioned into two halves,
restacked, and fed through the rolling mill again to make the 2 ARB cycles specimen. Texture
analysis was performed on the specimens subjected to conventional roll-bonding and up to 2
cycles of ARB. The texture analysis was performed in a layer by layer method as described in
the next section.

3.2.2 Texture Measurement
In order to characterize Ti deformation texture layer by layer, it is critical to detach the asdeformed elemental foils prior to texture testing. To investigate the texture-structure relationship
on the rolling plane and cross section, the sandwich was trimmed and cut to the dimension of
20mm (RD) x 15mm (TD). The areas of interest were selected from the middle part of the ARB
sample. To facilitate the extraction of Ti layers of identical interested layers from the sample
without introducing further artifacts, such as deformation strain or scratches, two customized
commercial razor blades were utilized. This method allowed for the separation of the layers of
31

Fig.3.1 Schematic illustration of ARB process and orientation measurement (a) stacking, (b) roll
bonding, (c) cutting, (d) restacking.
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interest without the introduction of distortion on the already detached Ti layers.
Prior to subjecting the ARB process, the neutral plane was defined as the 12th layer, which
was Al. After 1ARB cycles, the neutral plane changed to the 23rd layer which was Ti. After
2ARB cycles, the 46th layer of Ti became the neutral plane. For this study, the deformation of Ti
was evaluated for the layers removed from above the neutral plane in the as-roll bonded
specimens and the specimens subjected to 1and 2 ARB cycles. After discrete layers of Ti were
separated, all samples were mounted into conductive epoxy along the RD. The following layers
from the above the neutral plane were examined to investigate anisotropic and preferred
orientation distribution: 4 layers of Ti out of 11 (as-roll bonded); 5 layers of Ti out of 23 (1
ARB); 5 layers of Ti out of 46 (2 ARB).
Testing of the deformed Ti layers was carried out on a Bruker D8 Discover® goniometer.
The (0002), (

̅ ), (

̅ ) and (

̅ ) incomplete pole figures with a maximal tilt angle  of

70° were measured. The Schulz back reflection method [17] was used to characterize bulk
texture distribution layer by layer. The radiation source was filtered by Cu

with line focus

operated at 45KV and 40mA. This is illustrated in Fig.3.2.
To process the incomplete pole figures, PopLA (Preferred Orientation Los Alamos package)
was used to renormalize intensity over each scanning frame. Correction for background and
defocusing was compensated by measuring the intensities of loose Ti powder with no preferred
orientation distribution. The pole figures were initially calculated by the Harmonic method [17]
and then reestimated by the Williams-Imhof-Matthies-Vinel (WIMV) algorithm [18-20]. This is
a direct method which involves reiteration of calculating orientation distribution and comparison
between experimental data until the orientation distribution meets the satisfactory estimated error.
All recalculated pole figures based on experimental pole figures were center-symmetrized. The
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Fig.3.2 The X-ray goniometer for the pole figure measurement.
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ghost errors were uncorrected.
The orientation distribution function (ODF), was calculated to examine the texture density
distribution in Euler angles (

as reported by Bunge et al [21]. The calculation method

was a series expansion method with a maximal coefficient

up to 22. Conventional

orthorhombic frames in the RD, TD and normal direction (ND) were employed to describe the
specimen directions throughout this study.

3.2.3 Rolling Strain and Thickness
To determine the Von Mises strain distribution as a function of distance from the surface to
the neutral plane, the following calculations were performed to determine the equivalent rolling
strain. The initial reduction of the rolled sample before subjecting to the ARB was 40%. After
subjecting to 1ARB cycle, the reduction was 30%. Thus, the final thickness after n number of
ARB cycles can be calculated using:
( )

(1)

Where t is the after rolled thickness,

is the initial thickness of the starting foil, n is

the number of cycles (n = 0 for the as-roll bonded specimen). Thus the reduction (R) after n
cycles is:
( )

(2)

Assuming that there was insignificant lateral spreading and the Von Mises yield criterion
was obeyed, the Von Mises strain  could be expressed by:
√

*( )

+

(3)
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The individual layer thickness measurements were determined by taking an average of six
measurements layer by layer on the second electron images of the cross section. This was carried
out using a JEOL 7000F scanning electron microscopy (SEM) equipped with an electron
backscattered diffraction (EBSD) camera.

3.3 Results and Discussion
3.3.1 As-received Ti Bulk Texture Analysis
The EBSD image of the as-received Ti foil is shown in Fig.3.3a. The as-received Ti foil was
comprised of a uniform, equiaxed grain structure of the  phase titanium with a mean grain size
( ̅ of 5.12 m.
Based on the pole figures collected from the as-received Ti (Fig.3.3b), the macro texture of
as received Ti yielded typical domination as reported by previous researchers [14]. The basal
pole of (0002) tilted 31.5° away from the ND towards the TD, and the <
pointed to the RD. Since the hexagonal structured Ti space group is P
1.587, texture intensity affected by the < ̅

> fiber in

However, due to the six fold rotation symmetry, the

̅ > directions

/mmc with a c/a ratio at

= 0°was explicit in (0002) plane.
̅

and

̅ ) pyramidal poles

intensities typically dimmed compared with the basal (0002) as shown in Fig.3.3b.
For the as-received Ti foil, there was no significant evidence that the texture preferentially
occurred along the TD direction. Also, a lower (0002) fiber density could be observed in the pole
figures.
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Fig.3.3 (a) The orientation map (corresponding to the ND) and (b) pole figures of the as-received
Ti foil. The pole figures were measured by X-ray diffraction method.
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3.3.2 Texture Analysis of Ti

3.3.2.1 As-Roll Boned Specimens
Fig.3.4 and 3.5 show the incomplete pole figures for the as-roll bonded Ti according to the
specific locations in the MLC for the four discrete projection planes (0002), (
(

̅ ), (

̅ ) and

̅ ). The first pass reduction was 40%. It was crucial that even for uniform deformation such

as rolling at a finite strain rate, the texture development for the as-roll bonded specimens was a
function of the stacking sequence. The Von Mises strain was 0.59. Macroscopically, this
suggested the asymmetrical and anisotropic distribution of Ti throughout the thickness when the
multilayered composite was subjected to a constant deformation rate.
The pole intensities gradually decreased from the surface layer of Ti to the middle layer of
Ti (11th layer). The intensities transformed from their maxima at {

̅̅̅̅

}< ̅

> at the 1st

̅ > of the 11th layer. The intensity started to diminish steadily until being

layer to {0001} <

completely exhausted at the < ̅

> fiber (Fig.3.4 to Fig.3.5). The basal planes were initially

rotated from 31.5° for the as-received Ti to near <0002> axis then rotated around TD at
constant and rotated the

within a 40°range (Fig.3.4). Thus all orientations share a common

{0002} plane parallel to the RD, while the middle 11th Ti layer had diminished {0002} <uvt0>
components as illustrated in Fig.3.5b This also shows that the basal texture had a rod shape
showing in (0002).
It should also be noted the texture component {

̅̅̅̅

}< ̅

> on the surface layer of

the as-roll bonded specimen was stronger and more uniform than that for the as-received Ti. Also,
relative blunt {

̅ } <0001> could be observed in Fig.3.4a. The geometry of six folds rotation

symmetry and three perpendicular mirror plane of Ti in hexagonal could also be examined in
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Fig.3.4 Pole figures of Ti in the MLC subjected to as-roll bonded (a total of 23 layers)
corresponding to the stacking sequences of the (a) 1st, (b) 5th.
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Fig.3.5 Pole figures of Ti in the MLC subjected to as-roll bonded (a total of 23 layers)
corresponding to the stacking sequences of the (a) 7thand (b) 11th.
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Fig.3.4a. The < ̅

> fiber texture presented as a ring shape in the (

̅ ) and (

̅ ) poles was

not conspicuous compared with deeper located Ti layers.

3.3.2.2 ARB Specimens
Compared to the as-roll bonded specimens, the specimens subjected to 1 and 2ARB cycles
exhibited inhomogeneous and inconsistent subgrain structure throughout the thickness (Fig.3.6
and Fig.3.7). In particular, the tendencies of the orientation for the 1 ARB cycle specimens were
significantly different from that for both the as-roll bonded and the 2ARB cycles down to the
neutral plane.
It was expected that the texture of Ti would exhibit rotated basal  30 away from the
<0001>, and then back to the origin. However, as illustrated in Fig.3.6, the <0001> basal texture
maintained its sharpness throughout the thickness except for the 13th and the 23rd layers. In
particular it was observed that the {
(Fig.3.6b), then sharpened at {

̅ }< ̅

> tended to diminish down to the 7th layer

̅ } < ̅ ̅ > to 6.72 in terms of the intensity (Fig.3.6c), this is

compared to 4.49 for the 1st layer (Fig.3.6a). For the 13th layer of Ti, the basal texture was along
the {

̅ } plane parallel to the RD. The decreased basal texture intensified from the 13th to 17th

layer. The basal textures were observed to dramatically decrease from the 17th to the neutral
plane, specifically for {

̅ } < ̅ ̅ > at 2.63 as shown in Fig.3.6e.

Another significant point to note was a ring shape formed by the <
shown for the (

̅ > fiber texture

̅ ) projection (Fig.3.6b, d and e). Usually, the fiber texture in HCP is not

prevalent compared with deformed BCC crystalline materials. But in this study, based on the
observations, substantial <

̅ > fiber texture was reinforced through the surface layer to the
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Fig.3.6 Pole figures of the (a) 1st, (b) 7th, (c) 13th, (d) 17th and (e) 23rd Ti in the specimens
subjected to 1ARB cycle.
42

neutral plane. In addition, the intensity climbed from 1.63 to more than 8 in terms of intensity
(Fig.3.6a to e). The crystallographic poles had homogeneous intensities on the (

̅ ) projection

plane due to the six fold rotation axis <0001> and three intersectional mirror planes.
In general, the 2ARB specimens (Fig.3.7) were subjected to a further 30% reduction,
compared to the 1ARB specimen. This resulted in the Von Mises strain being 1.41. The basal
plane texture intensity dropped from 3.17 to 1.56, and restored its intensity back at {
< ̅

̅ }

>. This was 30° away from the <0001> on the TD. The basal texture rotated 30° the

<0001> and changed its primitive mirror planes from { ̅ ̅ } to {

̅ } (Fig.3.7a to d). Based

on the pole figures, the diversity of texture components had a lower intensity compared with both
the as-roll bonded and the 1ARB Ti layers. In the meantime, crystalline directions tended to
array towards the TD or the ND in a contracted intensity range as shown in Fig.3.7b to 3.7d. The
numerically obscure texture components, such as {10 ̅ 0} <uvtw> and {hkli} < ̅
fiber texture uniformly smear the (

̅ ) and the (

> types of

̅ ) projections as illustrated in Fig.3.7a,

3.7b and 3.7e. This suggests a weak domination in terms of texture.

3.3.3 Density Distribution along the Fiber Textures
In order to evaluate the density distribution along the fiber textures, the variations of density
along the basal plane fiber (Fig.3.8 to Fig.3.10), the < ̅

> fiber (Fig.3.11 to Fig.3.13), and the

< ̅ ̅ > fiber (Fig.3.14 to Fig.3.16) were plotted. It should also be noted that such listed fiber
texture may not be sufficient to express the orientation tendencies completely. Thus, the
orientation distribution along the <
<

̅ > fiber (Fig.3.17), the <

̅ > fiber (Fig.3.18) and the

̅̅̅̅ > fiber (Fig.3.19) were depicted. All the fiber density were based on the experimental
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Fig.3.7 Pole figures of the (a) 1st, (b) 7th, (c) 17th, (d) 36th and (e) 46th Ti in the specimens
subjected to 2ARB cycles.
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Fig.3.8 The development of orientation density along the basal texture according to the constant
ODF section ( 2 =0°and =0°) subjected to as-roll bonded.
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Fig.3.9 The development of orientation density along the basal texture according to the constant
ODF section ( 2 =0°and =0°) subjected to 1ARB cycle.
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Fig.3.10 The development of orientation density along the basal texture according to the constant
ODF section ( 2 =0°and =0°) subjected to 2ARB cycles.

47

Fig.3.11 The development of orientation density along the < ̅ > fiber according to the
constant ODF sections ( 2 =0°and =0°) subjected to as-roll bonded.
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Fig.3.12 The development of orientation density along the < ̅ > fiber according to the
constant ODF sections ( 2 =0°and =0°) subjected to 1ARB cycle.
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Fig.3.13 The development of orientation density along the < ̅ > fiber according to the
constant ODF sections ( 2 =0°and =0°) subjected to 2ARB cycles.
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Fig.3.14 The development of orientation density along the < ̅ > fiber according to the
constant ODF sections ( 2 =30°and =0°) subjected to as-roll bonded.
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Fig.3.15 The development of orientation density along the < ̅ > fiber according to the
constant ODF sections ( 2 =30°and =0°) subjected to 1ARB cycle.
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Fig.3.16 The development of orientation density along the < ̅ > fiber according to the
constant ODF sections ( 2 =30°and =0°) subjected to 2ARB cycles.
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Fig.3.17 The fiber texture developments along the < ̅ > fiber for the specimen processed by
1ARB cycle.
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Fig.3.18 The fiber texture developments along the < ̅ > fiber for the specimen processed by
2ARB cycles.
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Fig.3.19 The fiber texture developments along the < ̅̅̅̅ > fiber for the specimen processed by
2ARB cycles.
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ODF, those are illustrated in the Appendix A.
For the as roll-bonded specimen (Fig.3.8, Fig.3.11a and Fig.3.14), the compendium of
densities exhibited a wearing off through the thickness. Initially, the texture component (0°, 27°,
0°) in terms of ( 1, , 2) tended to rotate 5°away from the RD to the {
misoriented at 2.7°< ̅
formed and a weak {

̅ }< ̅

> which

> (Fig.3.11). When the plastic strain increased, the basal texture was
̅ }< ̅

> appeared along the <1 ̅

for the 1st layer of Ti, the basal {0001} < ̅

> fiber // RD (Fig.3.14). Except

> was intensified in the consecutive layers down

to the mirror plane, as seen in Fig.3.8.
As illustrated in Fig.3.11, after one pass, a dominative (
region on the 2 = 0°section, suggesting that the {

̅ )[ ̅

] dissociated into 10°

̅ } types of twins initiated. Furthermore,

results shown in Fig.3.14 supported that these transitory layers underwent the <0001> slip,
which rotated  30 on {0001}, except for the 1st layer. This suggests maintaining an equal
possibility of texture along the < ̅

> fiber.

Similar to the results shown in Fig.3.6a to e, the major difference in terms of orientation
could be observed in the 1ARB specimen. In general, the texture evolution for the 1ARB could
be described as four different fiber textures: <0001>, <

̅ >, <

̅ > and < ̅

> fibers. The

orientation density profiles for these were illustrated in Fig.3.9, Fig.3.15, and Fig.3.17.
Specifically, for the 1ARB cycle specimen, twinning was the main deformation mechanism,
combining with partial basal <c> and prismatic <a> slips. The evidence for this was the
prevalent distribution of the basal slip {0001} < ̅ ̅ > shown in Fig.3.9. The formability of the
<

̅ > fiber texture was conceivable to be established by the first order pyramidal slip { ̅

<

̅ > along the < ̅

> plus the {

̅ } <
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}

̅ ̅ > compressive twinning. In addition, the

{

̅ } compression twinning along the < ̅

> fiber could be observed in Fig.3.12, but it

could potentially had been formed by the prismatic slip.
For the 2ARB specimens, the orientation densities were weaker in comparison with that in
the 1ARB specimens as indicated in Fig.3.9 to Fig.3.19. It is interesting to note that the 1st layer
of Ti had the most pronounced anisotropic characteristic over the other layers in regard to the
(

̅ )[ ̅

] (Fig.3.13), (

̅ )[ ̅

] (Fig.3.16), and (

̅ )[

̅ ] (Fig.3.16). In addition,

the texture of the 46th layer exhibited a similar trend with the 1st layer as shown in Fig.3.13 and
Fig.3.16. In spite of these two layers, the transitory layers such as the 7th, 17th and 36th had a
lower density. Thus, the closer its proximity to the neutral plane, the weaker intensity it had
(Fig.3.13).
After comparing the specimens produced by the as-roll bonded, 1ARB and 2ARB cycles, it
is clear that the macrotexture of Ti layers exhibit diversity in texture through the thickness. The
texture was intensified after 1ARB cycle, and then steeply dropped. However, the characteristic
distribution could be classified based on the location in the multilayered composite: the surface
vs. the transitory layers.

3.3.4 Microstructure
The EBSD mapping of the Ti layers denting the neutral plane for the specimens subjected to
as-roll bonded, 1 and 2ARB cycles are shown in Fig.3.20. The scanning areas were
145 115

in a step size of 0.50 m. In order to clarify the twinning, the misorientation

profile was also calculated and shown in the Fig.3.21. The low angle grain boundaries (LAGBs)
(misorientation angle below 20°) were neglected to reveal the high angle grain boundaries
(HAGBs).
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Fig.3.20 The EBSD map of Ti layers stacked at the neutral plane for the specimens subjected to
(a) as-roll bonded, (b) 1ARB cycle and (c) 2ARB cycles.
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Fig.3.21 The misorientation profiles of Ti layers stacked at the neutral plane for the specimens
subjected to as-roll bonded, 1ARB and 2ARB cycles.
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From Fig.3.20, it can be seen that the grain refinement occurred when the number of ARB
cycles increased. Particularly, the grain refinement occurred promptly after the as-roll bonded,
which resulted in the average grain size ( ̅ ) decreasing from 5.12 m down to 1.64 m. There
was no evidence that Ti grains were preferred to elongate along the RD.
In accordance to the Fig.3.21, the basal slips, {
<

̅ } <

̅ ̅ > twinning, and {

̅ }

̅ ̅ > twinning [22] corresponded to the misorientation angles of 30°, 57°and 63°as reported

by Valle et al [23]. Our observations revealed that the basal slip and twining were prevalent.
However, when the number of ARB cycles increased, a small portion of {

̅ } type of tensile

twinning could be observed near 87°. This indicates that even when the Von Mises strain reaches
1.92, twinning can still be a deformation mechanism as shown in this study. Relatively, the
highest frequency of twinning appeared after 1ARB cycle.

3.3.5 Strain Distribution
The variations of the accumulated Von Mises strain and reduction as a function of the
distance from the surface to the neutral plane are shown in Fig.3.22 and Fig.3.23. For as-roll
bonded specimen, the plastic strain increased steeply from the surface to the neutral plane.
For the 1 ARB cycle and 2ARB cycles specimens, the influence of redundant shear and
geometric friction were significant, because slower strain rates were clearly identified between
the surface layers and the neutral plane (Fig.3.23). Generally, the Von Mises strain distribution
suggested a locational dependence. The outer layers and the layers near the neutral plane
obtained a negative strain rate. In contrast, the strain of the transitory layers increased rapidly
between the outer layers and the neutral plane layers.
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Fig.3.22 (a) A SEM image of the specimen subjected to as-roll bonded showing the laminated
structure and the thickness measurement, (b) the accumulated Von Mises strain distribution of
the specimen subjected to as-roll bonded.
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Fig.3.23 The accumulated Von Mises strain distributions of the MLCs subjected to (a) 1ARB
cycle and (b) 2ARB cycles.
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3.4 Conclusions
X-ray diffraction and EBSD technique were utilized to study the macrotexture and the
development of Ti in the multilayered Ti/Al/Nb sheets produced by ARB. The following
conclusions can be drawn:
(1) The texture development of Ti in multilayered sheets produced by the ARB process exhibit
multiple texture components domination rather than random throughout the thickness.
(2) Based on the EBSD mapping, the grain refinement occurred immediately after one pass. The
grain size continued to reduce as the number of ARB cycles increased. However, the
decrease was not as drastic compared to the initial grain refinement that occurred after the
initial pass for the as-roll bonded specimen,
(3) The distribution of Von Mises strain along the thickness suggests a locational dependence.
The outer layers and the layers near the neutral plane both exhibited a negative strain rate.
Conversely, the strain of the transitory layers increased rapidly between the outer layers and
the neutral plane layers.
(4) Texture of Ti tended to distribute near the <

>, < ̅

> and <

̅ > fibers. The

strongest texture can be observed in the 1ARB specimen, which has been proven to a high
anisotropic effect. Macroscopically, the texture development can be sorted in similar
tendencies for the surface region and transitory layer region.
(5) Under 40% reduction, the {

̅ } twinning and the <c> basal slip appeared. For the 1ARB

cycle specimen, the <c + a> pyramidal slip combined with the compressive twining of
{

̅ }, {

̅ } and the tensile twining of {

̅ }. Together, these contributed to the

texture strengthening. For the 2ARB cycles specimen, the {
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̅ } twinning was still viable

and detectable, although the deformation was governed by the slip and the equivalent strain
exceeded 1.8.
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CHAPTER 4
TEXTURE EVOLUTION AND BINGHAM MODELING OF NB IN MULTILAYERED
TI/AL/NB COMPOSITES PRODUCED BY ACCUMULATIVE ROLL BONDING

Abstract
Texture evolution of Nb stacked in a ternary multilayered composites (MLCs) consisting of
Ti/Al/Nb elemental foils produced by the accumulative roll bonding (ARB) process was
investigated by a method in a layer by layer manner. The interpretation of the macrotexture
development according to the through thickness was also addressed. In addition, the Bingham
distribution was employed to model the preferred crystallographic orientations using the MTEX
Quantitative Texture Analysis Software. Results indicated the anisotropic characteristics tended
to be more significant with the increase of ARB cycles, and Nb texture developed through
thickness exhibited a significant heterogeneous dependence. Comparably, the use of the
quaternion matrix to capture the modeling shapes in a rotational space and its definition were
also developed in this study.

Keywords: Texture; Accumulative roll bonding; ODF; Bingham distribution; MTEX
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4.1 Introduction
As an ideal candidate to fabricate ultrafine-grained (UFG) materials with a multilayered
structure, the accumulative roll bonding (ARB) process has proven to be a promising technique
[1-3]. Investigations show that the ARB processed multilayered composite (MLC) has
outstanding mechanical properties, such as high strength, toughness and ductility [4, 5]. It is also
well known that the ARB process is exceptionally useful for fabricating various MLCs from
dissimilar materials, such as the binary couples, like Mg/Al [6, 7], Cu/Ag [8], Zn/Al [9], Ti/Al
[10, 11], Ti/Al/Nb [12], Ti/Zr/Ni [13] and Cu/Al/Ni [14]. Generally, to accommodate the codeformation to balance the formability of composites in bulk, at least one light constituent, such
as the Al [15, 16] is added into the bonding system to form a rhombic matrix or homogenous
lamellar. The plasticity and stacking fault energy (SFE) of the light constituent strongly
influences the bonding [17].
Processing by ARB involves the reiterative cycle of cutting, restacking and rolling.
Physically, the dissimilar constituents not only have different structures but also distinctive flow
properties, especially in terms of the plasticity, elastic ratio and stress [18, 19]. This increases the
instability and heterogeneity of the strain distribution throughout the sheet, leading to necking,
and fracturing [20].
In order to achieve the desired reduction, a redundant shear strain is applied into materials
by means of biaxial strains [2, 21], suggesting a localized dependence [22]. As a consequence,
the scope of deformation history in terms of the crystallographic orientation plays an important
role in understanding the deformation mechanism and anisotropic characteristics. Because of this,
numerous studies have been carried out on the preferred orientations development of the MLC
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produced by ARB with respect to the orthogonal frame consisting of the rolling direction (RD),
transverse direction (TD) and normal direction (ND).
Five main conclusions have developed: (1) the texture evolution and shear strain are
obviously different from that for conventional rolling [23, 24]. (2) The diversity of texture
ingredients is limited due to the redundant shear strain [25, 26]. (3) The spread of preferred
orientations tends to be categorized into a locational dependence. Specifically, the shear texture
tends to form at the surface and in the sub-layer, while, the compressive textures tend to appear
at the transitory region [27, 28]. (4) The heterophases caused by the formation of shear bands
influence the interfacial layers, and selectively inhibit the activatable slip systems, leading to the
texture being preferentially constrained at the interface region [17, 29]. (5) Since the ARB
process is a severe plastic deformation (SPD), the adiabatic heat could occur [23], enhancing the
thermal instability and partial recovery [30].
Besides the fact that the ARB process can be utilized to process the MLC, it is also well
known that this technique can be successfully used to produce intermetallics followed by the
reaction annealing [10, 12, 31, 32]. Although, the ARB process has proven to be a sustainable
method to produce intermetallics, there are still many questions left in the structure-property
relationship, particularly regarding the anisotropic characteristics in this ternary system, prior to
the reaction annealing. Thus, the thorough analysis of the preferred orientation of the three
dissimilar structured materials (Ti/Al/Nb) within the MLC is necessary.
As a  phase stabilizer, body center cubic (BCC) structure, in the Ti/Al/Nb system, the Nb
plays an important role in reducing the SFE, enhancing the climbing rate of dislocations during
reaction annealing [33, 34]. However, an intensive study of texture of Nb stacked in a ternary
MLC produced by the ARB process has not yet been reported.
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After the ARB process, the preferred orientation distribution of Nb in the MLC is a
polycrystalline problem. And practically, the developed orientations are not precisely distributed
as the ideal orientations. Hence, to adequately describe and model with consideration of the
spread, smoothing, deviation and sharpness in the Bunge-Euler space, ODF models with a high
resolution are helpful to be developed. To achieve this, the orthogonal parameterization
quaternions ( ) need to be defined precisely to geometrically satisfy various ODFs, such as the
bipolar (B), circular (C) or spherical (S) shape in the radial directions. The spherical radon
transformation and the algorithm of Bingham were thoroughly addressed in [35]. However, even
if the Bingham distribution can arbitrarily model ODFs in either a discrete or a combining
manner, experimentally, there are few reports that address the modeling of orientation using the
shape quaternions. Thus, to bridge the gaps between practical experiments and Bingham
modeling besides focusing on the texture of Nb utilizing MTEX was employed. MTEX is an
open source Matlab® based tool box for quantitative texture analysis. This study should to serve
as a basic example and reference in practical modeling.

4.2 Experimental Procedures and ODF Modeling
4.2.1 ARB Process
The alloy system of interest for this study was Ti-46Al-9Nb (wt. %). To satisfy the
stoichiometry and to produce multilayered Ti/Al/Nb composites, 8 layers of Ti, 11 layers of Al
and 4 layers of Nb elemental foils (purity of 99.9 Ti, 99 Al and 98 Nb wt. %) were employed.
The initial thicknesses of the foils were 0.081 mm Ti, 0.074 mm Al and 0.032 mm Nb. The foils
were pretreated with an ultrasonic bath in acetone followed by methanol. The mating surfaces
were then roughened using a stainless steel wire brush. After the surface treatment, all foils were
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cut into dimension of 5035mm. The alternatively stacked foils (a total of 23 layers) were fed
through a rolling mill operated at a constant speed of 410 mm/s. They were subjected to a
nominal 40% reduction in accordance with the equivalent plastic strain () of 0.59 at room
temperature. This primary bonding was defined as the as-roll bonded condition. The as-roll
bonded specimens were cut into two sections stacked and fed through the rolling mill again. This
was one ARB cycle ( =1.18). This procedure was repeated starting with the 1 ARB cycle
specimen to produce the 2 ARB cycle specimen ( =1.77). Each step introduced an additional 40%
reduction. A schematic of the ARB process is illustrated in Fig.4.1.
In order to precisely demonstrate the stacking location, the normalized thickness (t/ ) and
the mirroring plane were defined. The mirroring plane was the center of the MLC. The t
represented the thickness from the surface to the layer. The n represented the stacking sequence,
while

represented the thickness from the surface to the mirroring plane. Therefore, t/

would

be 0 and 1 in accordance to the surface and mirroring plane, respectively.

4.2.2 X-ray Diffraction Measurement Layer by Layer
Prior to obtaining the crystallographic information in a layer by layer manner on the plane
section (the RD-TD), it was necessary to conduct layer detachment (Fig.4.2). Extracting the
identical Nb layers in respect to the stacking sequence was achieved by using two customized
commercial razor blades. Additionally, a supporting pinch was also used to prevent tilt or
distortion during the detachment step. Two layers of Nb were removed from the as-roll bonded
specimen. Four layers of Nb were removed from the 1 ARB specimen and five from the 2 ARB
specimen. All detached Nb layers were evaluated for texture analysis as shown in Fig.4.2.
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Fig.4.1 Schematic illustration showing the ARB process.
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Fig.4.2 Schematic illustration showing the layer detachment and X-ray goniometer.

73

To analyze the results of various specimens, the {110}, {200} and {211} incomplete PFs
with a maximal  of 73 and a 4.5 step of azimuthal () were measured and carried out on
Bruker® D8 Discover (Bruker, Billerica, Massachusetts, USA). The radiation source was Cu



(λ = 1.541 Å) operated at a line focus mode under 45Kv and 40mA. Simultaneous oscillation
along the RD and TD on the specimen stage was activated in a 5 mm step to accommodate the
macrotexture.

4.2.3 ODF Modeling
As syntax for reference, crystal geometry, scripts and MTEX commands for the Bingham
modeling for the 1ARB 9th layer Nb were set as an example in this section. All calculations were
done by the MTEX commands. In order to identically keep the outline, the crystal symmetry (CS)
of “m-3m” and the sample symmetry (SS) of “orthorhombic” were set as the default. Unless
specifically mentioned, the matrix, and kernel density estimator were set as the de la Vallée
Poussin. As a short study to characterize texture and Bingham modeling, optimization of the
kernel functions with respect to various functions were not considered. A comprehensive report
of the kernel estimator and algorithm could be found in the literature [36].
After importing raw data into the wizard, superimposing the rotating correction and
eliminating the ghosts, discrete pole figures (PFs) of the 9th Nb layer in the 1ARB specimen was
acquired. The flowchart outlining the typical routes used for data processing and ODF modeling
is shown in the Fig.4.3. The detailed procedures of the example modeling are in the Appendix B.
The ODFs were estimated by the spherical harmonic approach [37] with the maximal expansion
coefficients (

) up to 32. After that, the normalized PFs revaluated from the ODFs were

depicted. The Bunge-Euler angles in a rotational space established by (
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) in series

sections of

= 0, 45 and 65 were used to interpret the rotation away from the SS. Miller

indices {HKL} <UVW> were used to define the plane normal to the ND and the crystalline
direction parallel to the RD.
Since the Bingham distribution was an antipodally symmetric distribution, the orthogonal
vector of concentration

and the mutual magnitude were the most important quaternions [38].

In addition, a precise definition of the texture to minimize the potential models was also a critical
concern. Thus, in this study, maintaining concise numbers of the models to simplify the
complexity of textures with a low value of relative error (RP error) between experimental and
modeling was another criterion.
The first orientation being defined was {547} <11 26 7> in respect to (21, 43, 50). Due to
the spread towards the RD, B and S, the Bingham variable was defined as:
ori1 = orientation ('Miller', [5, 4, 7], [11,-26, 7], CS, SS);

ori1ODF=BinghamODF([-140,50,120,40],ori1*quaternion(eye(4)),CS,SS,…

'halfwidth', 4*degree);

This generated a variable ODF output as:
ori1ODF = ODF

crystal symmetry: Nb (m-3m)

sample symmetry : orthorhombic

Bingham portion:
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kappa: -140 50 120 40

weight: 1
As there were two major components presented along the -fiber (0, 0 to 55, 45), two
ODFs models in {112} <681> and {113} <13 19 2> must be defined with a mixture of B and S
shapes with a contractive sparseness of 4.
ori2 = orientation ('Miller', [0, 0, 1], [1, 0, 0],CS,SS);

ori2ODF=BinghamODF([-100,140,130,-80],ori2*quaternion(eye(4)),CS,SS,…

'halfwidth', 4*degree);

ori3 = orientation ('Miller', [1, 1, 2], [6, -8, 1],CS,SS);

ori3ODF=BinghamODF([150,90,-70,20],ori3*quaternion(eye(4)),CS,SS,…

'halfwidth', 4*degree);

In order to model a limited fiber portion of <001> // ND in a low density along the
and C model mixture with a half width of 6 was defined as:
Ori4 = orientation ('Miller', [1, 1, 7], [1, -1, 0],CS,SS);

Ori4ODF=BinghamODF([-0,140,130,-80],ori4*quaternion(eye(4)),CS,SS,….

'halfwidth', 6*degree);
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In addition to as-defined ODFs, the rotated cube {001} <110> with a low intensity was
defined as a supplement:
Ori5 = orientation ('Miller', [13, 11, 13], [11,-26, 11], CS, SS);

Ori5ODF=BinghamODF([-140,50,120,40],ori5*quaternion(eye(4)),CS,SS,…

'halfwidth', 5*degree);

By combining the above defined ODFs, reiteratively, the least square estimator was utilized
to find the appropriate weight percentages assigned to the ODF. Optimization was achieved by a
circular comparison with the least RP error between the experimental and modeled ODFs. The
RP error is a value used to evaluate the quality of measurements and modeling interpretation, the
initial definition of the RP error was developed in the literature [39]. After finding the desired
weights of ODFs, revisualization of ODF and PFs were displayed as outlined in Fig.4.3 and
Appendix B.1. A comparison of the modeled ODFs with the experimental ODFs was done by
commands:
hold all;

plot (combinedODF, 'Euler 3','phi2','sections',18,'projection','plain','antipodal');

plotpdf (combinedODF,h,'stereo','antipodal','complete');

setcolorrange ('equal', 'all');

colorbar;
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calcError (combinedODF, odf);

plotDiff (combinedODF,odf);

hold off;

4.3 Results and Discussion
4.3.1 Macrotexture Evolution of Nb Layer by Layer
The normalized and corrected PFs for the Nb in the as-received, as-roll bonded, 1 and 2
ARB cycles specimens are shown in Fig.4.4 to Fig.4.9. These figures are the stereology
projections of {110}, {200} and {211} in a layer by layer manner corresponding to t/
throughout the thickness. The corresponding experimental and modeled ODFs are plotted in
Fig.4.10 to Fig.4.15.
There is a clear tendency for the preferred orientations to promptly split from a Goss {110}
<001> in the as-received condition with a pronounced density of 11.32 into a Rotated cube {001}
<110> near the {111} <112> after subjecting roll bonding. Meanwhile, an increase in pole
intensity occurred along the TD in {200}. It was bifurcated at the tip of   45 away from the
TD and formed a “dog bone” shape in the {200} under the strain of 0.59 shown in Fig.4.4. In
addition, the 9th layer, which was near the mirroring plane, retained a relatively higher
probability at f (g) = 11.5 than the 3rd layer (Fig.4.10) in the gradient of {112} <373>. This
indicates a weak locational dependence for the primary bonding.
It has been reported that such decomposition of Goss was attributed to the shear strain
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Fig.4.3 The flowchart outlining the routes in data processing and ODFs modeling.

79

Fig.4.4 Experimental PFs of the as-received, the 3rd and 9th Nb layers in the specimen processed
by as-roll bonded.

80

Fig.4.5 Modeled PFs of the as-received, the 3rd and 9th Nb layers in the specimen processed by
as-roll bonded.
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Fig.4.6 Experimental PFs of the 3rd, 15th and 21st Nb layers in the specimen processed by 1ARB
cycle.
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Fig.4.7 Modeled PFs of the 3rd, 15th and 21st Nb layers in the specimen processed by 1ARB cycle.
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Fig.4.8 Experimental PFs of the 3rd, 15th, 26th, 32nd, and 38th Nb layers in the specimen processed
by 2ARB cycles.
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Fig.4.9 Modeled PFs of the 3rd, 15th, 26th, 32nd, and 38th Nb layers in the specimen processed by
2ARB cycles.
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Fig.4.10 ODFs of the 3rd and 9th Nb layers in the specimen processed by as-roll bonded.
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Fig.4.11 Modeled ODFs of the 3rd and 9th Nb layers in the specimen processed by as-roll bonded.

87

Fig.4.12 ODFs of the 3rd, 15th and 21st Nb layers in the specimen processed by 1ARB cycle.
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Fig.4.13 Modeled ODFs of the 3rd, 15th and 21st Nb layers in the specimen processed by 1ARB
cycle.
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Fig.4.14 ODFs of the 3rd, 15th, 26th, 32nd, and 38th Nb layers in the specimen processed by 2ARB
cycles.
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Fig.4.15 Modeled ODFs of the 3rd, 15th, 26th, 32nd, and 38th Nb layers in the specimen processed
by 2ARB cycles.
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exerted on the plane section [40]. Therefore, orientations built up a continuous spread of {112}
<681> and {112} <372> on

= 45 section (Fig.4.10). It is also necessary to note that the most

relevant BCC slip systems were “<111> pencil glide” on the {110}, {112} or {123} slip planes
[41]. In the present study for the as-roll bonded specimens, the {112} <681> and {112} <372>
formed a continuous crescent in the {110} projection (Fig.4.4). Thus, as reported by Raphanei et
al. [42], to accommodate the plastic deformation with the limited elastic strains, both the{110}
<111> and {112} <111> slip systems were required to activate, which was contributed to the
textures formed in Nb subjected to as-roll bonding.
After subjecting the specimens to ARB for 1, which indicated an additional 40% reduction,
the orientation distribution and anisotropic characteristics of Nb in the 1 ARB specimens
exhibited a stronger locational dependence and diversified components in comparison with the
specimen in the as-roll bonded condition. Clearly, except for the 9th layer in the 1 ARB
specimens, strengthening in texture can be observed in Fig.4.6 and Fig.4.12. It seemed that the
textures tended to presort into two features. Firstly, shear in mixture with a compressive texture
can be found at the subsurface and mirroring layers provided by the fact that the contractive {112}
<uvw> components in the {200} poles cane be observed in Fig.4.6. Secondly, a shear type of
texture can be found at the transitory region in accordance with the 9th and 15th layers in the 1
ARB specimens. These shear textures were inherited from the as-roll bonded specimens,
however, either intensifying or diluting the {116} <110> in the 9th and 15th layers respectively.
The reason for this divergence was caused by the inhomogeneous strain initiated from the rolling
instability. Since the ARB process involved stacking of dissimilar materials with different flow
properties, effective strains applied on each layer exhibited alternative distribution in accordance
with the mirroring plane [43]. Inevitably, tremendous shear strain exponentially accumulated
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near the surface and the mirroring plane, owing to the frictional shear existed between the rollers
during the ARB process, this also made the anisotropic characteristics more explicit in the 1
ARB specimens.
In contrast, the way that the transitory layers subjected to a geometrical strain with a
mixture style was similar to the conventional rolling. In comparison with the as-roll bonded,
pronounced rotated cube and strengthened {116} <110> suggested an increase in density of
13.24 at the 3rd Nb layer and 20.54 at the 21st Nb layer, resulting in these two components
competitively forming throughout the 1 ARB specimen. But, strengthening of these two textures
gradually consumed the {111} <112> and slightly extended {111} <110> down to the

50

along the -fiber as displayed in Fig.4.12, leaving a smear trace of the {332} < ̅ ̅ 3> in

=45

section.
It was also necessary to consider that the effective reduction in the ternary MLC implied the
heterogeneous distribution of strain was evident. The formability of the {110} <uvw> and the
{112} <uvw> types of textures deviated away from the ND towards the TD. As illustrated in
Fig.4.6 on a {200} pole, the shifting changed from a “dog bone” to a “bar” shape. The texture
evolution was more significant in the 3rd layer and the 21st layer in the 1 ARB cycle specimens. It
was well established that this “bar” shape distribution was developed by the RD shear applied
into the rolled sheet with a relax strain of TD for the BCC structured materials [44], and the
symmetric slip on the {110} <111> was gradually suppressed [45]. Furthermore, in the soft-hard
matrix studied in this work, elemental Nb foils were unambiguously next to the Al. The
evolution of crystallographic orientations near the surface and mirroring plane were more
sensitive and susceptible to being affected by the Al layers. Thus the constraint of the lateral
tension along the TD was strongly inhibited. In addition, the Nb layers in the transitory region
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were able to provide more strain relaxation along the RD tensor due to the propagation of shear
bands [16]. As a result, textures retained to the {112} <681> and {112} <372> still survived.
It was clear that from Fig.4.8 and Fig.4.9 that the characteristic textures developed in the Nb
processed by 2ARB cycles favored three types of features. Firstly, the textures inherited a similar
tendency from the 1ARB such as the {112} <110> and rotated cube components were weakened,
but cumulatively increased the {111} <112> from the f (g) at 6.2 to 12.77 in the 3rd layer of the
2ARB specimen (Fig.4.14). Meanwhile, both the Rotated cube and the {116} <110> in the 15th
Nb layer strengthened themselves and decreased the {112} <372> intensity in comparison with
that of 1 ARB specimen. The second tendency was that for the transitory layers, such as the 26th
and 32nd Nb layer, the textures were significantly boosted at the rotated cube and {116} <110>,
leaving a continuous degradation of the {112} <110>. This supports the fact that the {112} <111>
occurred. Also, for these two layers, a tight distribution of the <001> // ND fiber formed with a
concessional spin along the ND, while, the fiber density f (g)  16 was homogeneous. It was also
noteworthy that the <311> // ND fiber texture in a weak density was developed in the

section.

The third characteristic was that the 38th layer of Nb, near the mirror plane, tended to reveal a
low intensity of the {112} <110> and there was a uniform -fiber texture formed with a scattered
sharpness.
It has been mentioned that the partial recrystallization caused by the adiabatic heat could
occur during the ARB process [23], thus, the dynamic recovery induced by the dissimilar
materials emerged as a pivotal concern when the number of ARB cycles increased. It had been
concluded that the partial recrystallization of BCC structured material originated from
consuming of the {112} <110>, in contrast, gradually increasing the -fiber portion in the {111}
<112> [46]. The 38th layer Nb produced by the 2ARB cycle specimen suggested the evidence
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that the partial recrystallization may have occurred as it can be seen in Fig.4.14. Very differently,
the 26th and 32nd layers of Nb suggested a hybrid type of recovery texture with a gradual descent
of the {112} <110>, but accompanied the <311> fiber rotation to the {311} <136>. These
texture evolutions had been characterized as the evidence of partial recrystallization for BCC
structured materials [47, 48]. In addition, the {001} <410> developed from the {112} <110> and
the {113} <110>, as can be seen in Fig.4.14. Where, they misorient at 45 <111>, more closely
to the <332>. Thus, the {001} <410> was conceivable to be a direct consequence caused by the
rolling instability and the adiabatic heat.
Since, the typical textures in this study fall into two classic fiber regions, in order to
elucidate the fiber texture, the density variation along the -fiber and -fiber were plotted in
Fig.4.16 and Fig.4.17 respectively. It showed that the orientation was readily centered at the (111)
[ ̅ ] and the (111) [ ̅ ̅ ] along the -fiber and segregated near the (117) [ ̅ ] and the (001)
[ ̅ ] along the -fiber after as-roll bonding. Initially, the 9th Nb layer had a relative higher
density. After restacking and rolling, the texture evolution of the Nb in the 1 ARB cycle
specimen suggested that the surface 3rd layer and the mirroring 21st layer obtained a weaker fiber distribution than the transitory 9th and 15th layers. However, the 21st Nb layer maintained a
dominative -fiber density. After subjecting to the 2 ARB cycles, few -fiber textures survived
and its density underwent a steep drop. Only the 38th Nb layer kept a continuous distribution in
the -fiber processed by 2ARB cycles. In contrast, the -fiber texture still persisted in the 2 ARB
cycle specimens. Except for the 3rd and 38th Nb layers, all other layers stacked between the
transitory regions increased gradually with that of 1 ARB cycle specimen. Possibly, owe to the
recrystallization, there was an unstable variation in intensities occurred between the (113) [ ̅ ]
and (112) [ ̅ ] in the 26th, 32nd and 38th Nb layers.
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Fig.4.16 Orientation density variation along the -fiber of Nb layers in the specimens produced
by (a) as-roll bonding, (b) 1ARB cycle and (c) 2ARB cycles.
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Fig.4.17 Orientation density variation along the -fiber of Nb layers in the specimens produced
by (a) as-roll bonding, (b) 1ARB cycle and (c) 2ARB cycles.
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Generally, the  and -fiber textures distribution in the Bunge space did not yield in a
continuous manner. The anisotropy was significantly influenced by the {111} <112>, the {001}
<110> and the {117} <110>. There was no evidence that the {123} <111> served as a potential
slip system based on the results of this study, since, there was no continuous increment near the
{113} [ ̅ ].
Fig.4.18 shows the fraction of dominant textures present in the Nb. Except for the asreceived Nb, which consisted of 31.2% Goss, all other components were dominated by the {112}
<uvw>, the Rotated cube, the - fiber and - fiber textures. The Rotated cube and the -fiber
were more significant developed near the surface and the sublayer in the 1 and 2 ARB cycles
specimens. Whilst, the {112} <uvw> were more significant between the transitory layers in the 1
and 2 ARB cycles specimens. There was observation that the cube and Goss were revivable
when subjected to more ARB cycles.
The entropy estimated from the ODFs with respect to numbers of ARB cycles is shown in
Fig.4.19. Entropy (S) increased from -1.236 KJ/mol to -0.92 KJ/mol from the surface to the
mirror plane for the as-roll bonded Nb due to the dissembling of Goss into the {111} <112> and
the Rotated cube. After that, the entropy gradually leveled at the 9th Nb layer in the 1ARB cycle
specimen, and then gradually dropped to -1.273 KJ/mol. A double valley shape of the entropy
can be observed in the 2ARB cycle specimen which is potentially due to the adiabatic heat.
Textural disorder was offset by the development of the <311> and the -fiber texture and the
suppression of the {112} <110>.
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Fig.4.18 Fractions of typical texture components presented in this study.
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Fig.4.19 The texture entropy variation of Nb layers in the specimens produced by as-roll bonded,
1 and 2 ARB cycles.
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4.3.2 ODF Modeling
In this section, the Bingham distribution for modeling the ODFs incorporated with the
anisotropy was developed by utilizing a variety of the orientations existing in this study. Four
shape parameters ( , i = 1, 2, 3, and 4) in the orthogonal directions are listed in Table 4.1 to 4.4.
The variations of the half widths for smoothing the dispersion were listed next to the matrix. The
reason for generating the RP error was also discussed in this section.
The modeled ODFs and PFs were shown from Fig.4.5 to Fig.4.15. As one can see from the
figures, the Bingham modeling was a useful tool to model the preferred orientations with a low
RP error. Initially, the as–received Nb maintained a high portion of Goss and a continuous trace
of Cube orientation spinning around the {110} pole. Thus, two Bingham components in a
unimodel Goss combined with partial cube fiber in a C shape were adequate to model the
features with a very low RP error of 0.043.
As a feature of the Bingham distribution, similar orientation spread can be simplified by
manipulating the matrix [49]. By taking advantage of this, five components with the similar
concentrations can be used for the as-roll bonded Nb. Here, activating the rotational variant
around 15 ND in the rotated cube was necessary. A mixture of B and C sharps was used to
superimpose in the Bunge space. A SB mixture of the {112} <372> and a SC mixture of the
{112} <681> to describe the divergence away from the TD (Fig.4.5) were defined by assigning
high percentages to fit the orientations. However, in the as-roll bonded, most of the RP errors,
compared with the experimental ODFs, were caused by the overfitting of the {112} textures.
The local peak was very spotty in accordance with the 3rd and 9th layers. Such divergence
can be explained by over-definition of the smoothness in the {112} <uvw>, making other
unspecified {112} neighboring orientations experience a dilution. In addition, the existence of
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Table.4.1 Definition of the Bingham matrixes and their half widths for modeling ODFs of Nb
layers in the specimen processed by as-roll bonded and 1 ARB cycle (The texture components
subjected to the variation of experimental ODFs).

Table.4.2 Definition of the Bingham matrixes and their half widths for modeling ODFs and the
RP error generated between the experimental and modeled ODFs of Nb layers in the specimen
processed by as-roll bonded and 1 ARB cycle (The texture components subjected to the variation
of experimental ODFs).
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Table.4.3 Definition of the Bingham matrixes and their half widths for modeling ODFs of Nb
layers in the specimen processed by 2 ARB cycles (The texture components subjected to the
variation of experimental ODFs).

Table.4.4 Definition of the Bingham matrixes and their half widths for modeling ODFs and the
RP error generated between the experimental and modeled ODFs of Nb layers in the specimen
processed by 2 ARB cycles (The texture components subjected to the variation of experimental
ODFs).
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the {116} <110> needed to be defined in a BC shape to minimize the number of fitting. Also, the
{116} <110> circularly activated the sparseness of the <001> fiber. Typically, the complexity of
Bingham distributions and the approximation were significantly altered by the magnitude of
texture diversity[38]. In practice, when the locational dependence of the texture propagation
tended to diversify through the thickness, the numbers of modeling matrixes were also increased
as well.
For the ODF modeling of Nb in the 1 ARB specimens, besides utilizing the Cube, the
Rotated cube and the {116} <110> to satisfy the probability along the <001> fiber, the {547}
<11 26 7> was defined as well in the transitory layers (9th and 15th) in order to cover the
oscillation near the (0, 20, 0) in Euler space. For the sake of fitting the estimator with the
experimental textures, due to the orientation spread near the {111} <112>, the matrix and its
magnitudes for the {112} <uvw> needed to be redefined in a variant between the SC and BC. In
the 3rd and 21st layers in the 1 ARB specimens, most RP errors were caused by the incomplete fit
of the Rotated cube and the {112} <372>. In addition, the overestimation of the {116} <110>
was created by loosening the half width. At the same time, the errors generated in the transitory
9th and 15th Nb layers processed by 1ARB cycle were caused by the over-definition of the {116}
<110> and the absence of {111} < ̅ >. This suggested that it was critical to find a balance
between the complicity and anticipated desired RP error when conducting the ODF modeling in
the constitutive fitting.
The ODF modeling of Nb in the 2 ARB processed specimens tended to be more
complicated. It was seemed that the increase of the {111} <112> was achieved by depletion of
{112} <110> in the 3rd Nb layer. The freedom of rotation around the {112} <uvw> was
obviously limited in a contractive manner in a “bell” shape. In this way, two {112} <uvw>
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gradients were defined as a transitional SC shape listed in Table.4.3 and Table.4.4. Besides this
effort, a scattered rotated cube as defined in the sparseness of [0, 140, 80, and 0] was released
around the RD.
The matrix superimposed on the 26th and 32nd layers were similar in the Cube, the Rotated
cube and the texture near the {112} <110> with a smooth angle within 5. The major
discrepancies were caused by the orientation approximated to the {001} <410>. Such
discrepancies were discontinuous which led to a contractive maximum in the {200} pole. Also,
the orientations near <311> // ND needed to be addressed in a continuous spread using the kernel
estimator of the Abel Poisson.
In regard to the RP errors of the 26th and 32nd Nb layers processed by 2 ARB cycles, the
inadequate definition of the {116} <110> and overfit in smooth angle of 4 were contributed to
the increase of RP errors (Fig.4.15). The -fiber texture estimated by the Abel Poisson kernel of
with a wide smooth angle of 12 needed to be considered as listed in Table.4.3 for the 38th Nb
layer. Comparably, a low RP error of 0.092 was achieved in the 38th Nb layer, because the
orientation formed in a dilute manner. Overall, it can be concluded that the Bingham distribution
was useful to model the discrete orientations of Nb stacked in the ternary system subjected to the
ARB process.
As mentioned above, it was clear that the Bingham modeling being used in this study to
approximate the ODF was a method that was closer to “constitutive component fit”.
Fundamentally, in practice, limited numbers of texture components (within 7) were defined as
the variant of rotational shapes. Then these spherical modeling functions were then
superimposed on the projections by assigning proper percentages. Thus, textures generating in
the rotational space were described by a set of invariants in the de la Vallée Poussin.
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Furthermore, the experimental data involved with the decomposition of orientations into a
separate order, and the arbitrary model can actually be analyzed in an isolative manner. Thus the
modeling can be performed before the experiments.
Before initializing the modeling, a tentative scouting strategy of the orientations was crucial.
This procedure was dependent on the pronounced texture “spots” being subjective to the specific
texture or clustering in the radial directions. Recently, Figueiredo et al [50] documented a
method to maximize the efficiency of the model by applying a comparison of multi-message
length, which suggested that it was necessary to build a modeling database in order to improve
the efficiency.
The next important aspect that needed to be addressed in Bingham modeling after targeting
the arbitrary components was the definition of textures. The shape variants specified by the

in

different sparseness by switch signs (positive or negative) were important too. These variants
were one of the critical aspects to perform the Bingham modeling. In consideration of this aspect,
the criterion for filling the matrix was an approach closer to a process in fitting and reiterative
comparison in this study. The matrix concentration was important as well. For example, the
textures of the Nb in this study fell into a transitional shape such as in combination of B, C or S,
thus, in order to comparably achieve the desired fit, the spatial optimization in a mutual
magnitude is critical, because the variation of

governed the antipodal symmetry upon the

vector of RD, TD, and ND [35]. The shape combination was sensitive to the selection of
quaternions in terms of the freedom in the rotational variants.
The solution of the modeling was not unambiguous. The equivalent solution with low
desired RP error tended to be a set of combinations depending on the pattern matrix. There was
another optimization that can be potentially synergized in the MTEX to minimize the RP error,
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this can be achieved by optimizing the kernel estimators. As a versatile tool, MTEX was capable
of selecting other kernel estimators rather than the de la Vallée Poussin kernel used in this study.
It had been reported by R. Hielscher [36] that the squared error was significantly deductive in
respect to these kernel functions.
As mentioned in the study of Bingham distribution [38], the Bingham ODF estimation
lacked the efficiency in modeling weak textures. While empirically, this was a delicate argument.
Actually, the Bingham estimation was very efficient when modeling the weak texture in this
study. Practically, the challenge in modeling was related to the entropy of texture. For the
selective layers, such as the as-received, the 21st in 1 ARB specimen and the 15th and the 32nd in
the 2 ARB specimens with the lower disorders (Fig.4.19), the Bingham estimation was very
efficient. In contrast, under some circumstances, it was quite challenging to obtain a desired RP
error even if the number of fitting increased to 5 (check Table.4.3). So, besides the entropy, the
magnitude and complexity of orientation spread were other major aspects that need to be
considered in order to improve the efficiency.

4.4. Conclusions
The layer by layer texture analysis of Nb stacked in the multilayered Ti/Al/Nb composite
produced by conventional roll bonding and the ARB process were studied and analyzed in this
study. Discrete ODF modeling of Nb using the Bingham distribution via the MTEX toolbox was
achieved. The major conclusions are:
(1) Anisotropic characteristics of Nb existing in the ternary system tended to diversify as the
number of ARB cycles increase. Variations in intensity and density of the preferred

107

orientations such as the Cube, Rotated cube, the {111} <uvw> and the {112} <uvw> can be
observed in various bonding stages.
(2) Results indicated that the texture of Nb evolved in a locational dependence through the
thickness due to the heterogeneous distribution of strain.
(3) Texture evolution observed in the selective layers of the 2 ARB cycle specimens suggests
that dynamic recovery or partial recrystallization occurred throughout the thickness owing to
the adiabatic heat generated during the rolling process.
(4) The Bingham distribution for representing various patterned ODFs of Nb can be successfully
used to model the texture evolution by defining finite numbers of components with low RP
errors.
(5) For the Bingham modeling, the practical modeling can be isolated from the experiments. The
selection of rotational variant, shape matrix, concentration and kernel estimator are the
critical aspects for the modeling. The efficiency of the Bingham modeling is a function
related to the entropy, magnitude and complexity of the modeling textures.
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CHAPTER 5
TEXTURE AND MICROSTRUCTURE EVOLUTION OF MULTILAYERED TI/AL/NB
COMPOSITE PRODUCED BY SYMMETRIC ROLLING AND ASYMMETRIC
ROLLING

Abstract
The microstructure and texture evolution of elemental Ti, Al and Nb foils stacked in
multilayered composites (MLCs) produced by asymmetric rolling (ASR) were investigated using
secondary electron microscopy (SEM) equipped with electron backscatter diffraction (EBSD).
The characterization was performed through the thickness in a layer by layer manner, on the
rolling plane. The results were compared with those of the sheets processed by symmetric rolling.
It is shown that the instability and formability of laminated composites are significantly affected
by the ASR process. With the introduction of speed mismatch, the microstructures in the
processed sheets became heterogeneous and they were more refined by ASR with a higher speed
ratio (SR). In addition, the ASR process significantly contributed to the grain refinement and
texture variation. Compared with the symmetric rolling, the ASR technique is a more efficient
method of processing the MLCs with highly anisotropic characteristics.

Keywords: Asymmetric rolling; Multilayered composite; texture; EBSD; Twinning; ODF
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5.1 Introduction
The -based titanium aluminide intermetallics have been proven to be a promising material,
particularly when used in aerospace and automotive applications [1,2] due to its low density,
oxidation resistance and advanced high-temperature properties [3,4]. However, in manufacturing
intermetallics, practical methods such as ingot [5] and powder metallurgy [6] are limited in terms
of compositional uniformity, deformational formidability and energy efficiency [7, 8]. In order to
improve the formability of -TiAl. The use of accumulative roll-bonding (ARB) and multi-stage
reaction annealing to fabricate the alloy have been previously demonstrated and developed by
the authors. Feasibility, formability, heat-reaction kinetics and thermodynamic stability have
been carried out and reported [7-9]. As reported, cold roll-bonding is a preliminary stage to form
the metal matrix composites (MLCs) by applying a sufficient amount of rolling strain. The later
reaction annealing promotes the interfacial bonding changing from a tribological bond to an
intermetallic bond.
Although, it is well established that using the ARB technique along with heat treatment can
successfully process -TiAl based alloy, admittedly, we still lack understanding of the rolling
deformation

mechanism.

Furthermore,

more

investigation

is

needed

regarding

the

microstructural and crystallographic evolution in a ternary-system composite consisting of the
elemental foils of Ti/Al/Nb during the cold-roll bonding stage. In particular, a better fundamental
understanding of the grain boundary character, grain refinement after the severe plastic
deformation (SPD) and diversity of texture components is needed. Comparably, bi-metal
composites made by cold roll-bonding technique have been extensively investigated, such as
bonding technique couples in Mg/Al [10], Ti/Al [11], Cu/Al [12] and Zn/Al [13]. Generally, in
processing the binary MLCs, most of these composites would utilize a light constituent such as
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Al embedded into the system to maintain the formability and to satisfy the co-deformation as a
whole through the thickness. Since dissimilar bonding constituents have distinctive flow
properties, especially with respect to plasticity or elastic modulus ratio [14], it has been shown
that the microstructural variability has a strong connection with formability of rhombic bands,
lattice distortion and cell block boundaries [11, 15]. Therefore, it is important to understand the
rolling deformation mechanism throughout the thickness of multilayered composites.
It has been demonstrated that the development of rolling strains indicate a rolling control
dependence which is relevant to the influencing factors in the surface condition of the rollers, the
amount of the reduction and pretreatment of rolled sheets [16, 17]. Furthermore, the structural
sensitivity and texture evolution of cold rolled MLC consisting of different materials exhibit a
significant difference when compared to cold rolled single-phased materials because of the
heterogeneous distribution of strain that develops in the MLCs [18-20]. As a result, the texture
evolution of deformed grains strongly depends on the manipulation of the rolling mill and its
rolling applicability.
Asymmetric rolling (ASR) is one of the most useful methods for implementation in
continuous, large-scale manufacturing, as it allows for control of grain orientation and
refinement without requiring major modification of the rolling mill [21-23]. Normally, ASR is
achieved by altering the circumferential speeds of the twin rollers. Practically, this process can
be achieved by four different methods: (1) by altering the diameters of the two rollers, (2) by
keeping the rollers operating under different velocities, (3) by changing the frictional roughness
of the rollers [24, 25], or (4) by deviating the rollers axes [26]. This roller mismatch feature has
attracted interest within the research community. The investigations concerning the deformation
mechanisms of asymmetric cold and hot rolling have found: (1) The reduction can be increased
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due to decreasing of rolling force and rolling torque [25]. (2) The amount of shear and plane
strain imposed on rolled sheets are significantly affected by mismatching the circumferential
speeds. (3) The texture strengthening and weakening depend on the amount of reduction and
shear direction imposed on rolled sheets [21, 27]. (4) The shear deformation during ASR
develops prominently owing to the cross shear zone [28, 29]. However, there is still no
systematic investigation on how the microstructure and the textural evolution develop in a MLC
consisting of a ternary-structured system during the symmetric rolling and ASR in a layer by
layer manner on the rolling plane. In this study, the rolling process was carried out on an MLC
consisting of elemental foils of Ti/Al/Nb and the microstructural and crystallographic texture
induced by the symmetric rolling and ASR at two different speed ratios (SRs) were investigated
systematically. The current study is therefore dedicated to analyzing the structural development
as a function of the stacking sequence in laminated Ti/Al/Nb sheets.

5.2 Experimental Procedures
The as-received Ti, Al and Nb foils (purities above 98 wt. %) with thicknesses of 0.081 mm,
0.074 mm and 0.032 mm respectively were employed for the cold roll-bonding. The foils were
first pretreated by the following steps: they were roughened by a steel-wire brush to improve the
adhesive bonding between layers [30], cleaned ultrasonically in methanol, then cut into 101.6 
76.2 mm (3 2 inch) segments. Hereafter, 8 layers of Ti, 11 layers of Al and 4 layers of Nb were
alternatively stacked on top of each other to form 23 layers with a total thickness of 1.59 mm to
accommodate the stoichiometry of Ti-46Al-9Nb (wt. %). The cold-roll bonding in symmetric
and ASR was performed using a twin-roller mill manufactured by Stanat®. In the present work,
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the experiments were adopted with SR of 1, 1.33 and 2 respectively. The SR of 1 represents the
symmetric rolling (conventional rolling). The circumferential speed of the lower speed roller was
11 m/min. The surfaces of the rollers were unlubricated in order to promote coherent joining.
The as-stacked Ti/Al/Nb foils were subjected to a nominal 50% reduction in thickness
equivalent to the Von Mises strain of 0.8 under ambient temperature. To investigate the
morphology of multilayered Ti/Al/Nb composites, rolled sheets were sectioned, mounted,
grinded and polished on the cross section consisting of the rolling direction (RD) and normal
direction (ND). Selective layers for electron backscattered diffraction (EBSD) mapping were
detached and extracted using customized razor blades in accordance with the rolling plane
consisting of the RD and the transverse direction (TD). The specimens were prepared by
mechanical grinding and polishing with a polycrystalline diamond suspension.
Structural morphology and textural characterization were conducted using a JEOL 7000F
scanning electron microscope (SEM) with a field emission gun (FEG) and an EBSD camera
installed. The EBSD measurements were taken using a step size of 0.45 m within a test area
about 125 m  95 m. All the EBSD scans were performed near the center of the identical layer.
The orientation distribution functions (ODFs) and orientation mapping were estimated using the
HKL® Channel 5 software package, and a 5 Gaussian filter was employed in the calculation of
the volume fraction of texture. The ODFs were constructed identically to the triclinic symmetry.
To infer and interpret the misorientation angle distribution, high angle grain boundaries (HAGBs)
were defined as neighboring grains deviating higher than 15.The low angle grain boundaries
(LAGBs) were represented between 3 and 15.
The results of textural measurement were expressed in the Bunge-Euler rotational space
(

) with a maximal series expansion coefficient
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up to 25. To precisely describe the

stacked layers, both the stacking sequence and the normalized thickness position (t/ ) along the
ND were employed, where, t represents the distance from surface to the specific stacking
location in MLC, while

represents the thickness of rolled sheets. Hence, the normalized

thickness position would equal to 0 and 1 with respect to the surface and the bottom of rolled
sheets respectively. The schematic procedures of cold roll-bonding, stacking sequence and
testing are shown in Fig.5.1.

5.3 Results and Discussion
5.3.1 Laminated Structure after Symmetric Rolling and Asymmetric Rolling
Fig.5.2 shows the secondary electron (SE) images of MLCs consisting of Ti/Al/Nb
subjected to a nominal 50% bulk reduction after symmetric rolling and ASR. It can be observed
that a completely bonded composite with laminated interfaces parallel to the RD was obtained.
There was no evidence that cracking, porosity or solid-state diffusion occurred between the
bonded layers. Ti and Al layers still maintain the laminated shape but in a wavy structure after
ASR. Obviously, layer refinement selectively took place throughout the thickness.
The Al layers experienced a higher strain as evident from the fact that its average thickness
was within 23 m to 35 m after rolling, which revealed the true strain of Al undertaken was
higher than 50%, but it still maintained the laminated integrity. Therefore, as the softest
constituent embedded in this ternary system, Al was more sensitive to reduction than other two
constituents. Comparably, as can be seen in Fig.5.2, the fracturing of Nb layers frequently
occurred throughout the symmetric rolling and ASR process, leading the Nb layers to experience
the localized necking and fractures. It has been proposed [31, 32], that the localized necking and
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Fig.5.1 Schematic illustration showing the symmetric rolling, asymmetric rolling, ASR and the
stacking of the MLCs used in this study.

118

Fig.5.2 SEM images of the MLCs subjected to (a) symmetric rolling, ASR at (b) SR of 1.33 and
(c) SR of 2.
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fracture normally initiated in the harder constituent in a multi-phase system because of the
physical differences in flow properties. However, in this study, necking and fracture were
actually observed on the thinnest Nb layers rather than Ti. Therefore, in addition to flow
properties, the initial material thickness is another critical aspect that must be taken into
consideration.
It was also noteworthy that after the ASR process, the occurrence of necking was observed
to be prevalent in Ti layers stacked between t/

at 0.4 to 0.6 through the thickness. It was clear

that deformed lineation in Fig.5.2 b and c in respect to the inner strains intends to incline towards
the RD with increase of SR. This was important, since Zuo et al. reported the inclination of strain
lineation actually representing the additional shear had been introduced into inner sheets when
asymmetric mismatch increased [33]. And indeed, the additional shear was the key contributor to
grain refinement [34, 35]. Lee et al. also addressed this inclination behavior in ASR, and
concluded that the increase of additional strain during ASR gives rise to the shear distribution in
the region between the neutral point (middle point of the rolled sheets) and upper part of the
sheets because of the appearance of the cross shear region [29, 36]. Huang et al. confirmed that
the inclination of shear bands were promoted by the frictional force between the rollers [37].
This also illustrated the phenomenon of the heterogeneous distribution of layers after ASR. The
average layer thickness of Ti and Al stacked at the upper region (t/ =0.04 to 0.45) above the
neutral point is thinner than layers stacked below the neutral point after ASR since the actual
strain being applied into individual layers is higher than the nominal 50% reduction.
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5.3.2 Starting Materials
The microstructures and textures related to the RD of as-received Ti, Al and Nb foils are
shown in Fig.5.3 to Fig.5.5 respectively. The HAGBs and LAGBs are illustrated on the EBSD
maps as well. It was observed that the as-received Ti consisted of equiaxed grains of the -phase
with an average grain size of 18.5 m with 78 % of the grain boundaries being HAGBs (Fig.5.3).
The Ti EBSD map indicated that most crystallographic planes of (

̅ ) and (

̅ ) lie in the

RD with few (0001) planes parallel to the RD. The as-received Ti texture was established by
(

̅ )[

̅̅̅̅ ̅ 3] component in the ODF of Ti, resulting in the basal <0001> axis tilting 30

away from the ND towards the TD.
The starting microstructure of Al (Fig.5.4) was comprised of coarse grains with an average
grain size of 28m, and the texture was characterized by a contractive cube texture {100}<001>
at an orientation density higher than 21. This was demonstrated by Zhou et al. as a typical
recrystallization texture after heat treatment of rolled Al [38]. Most of the boundaries were
HAGBs due to the isotropic distribution of the orthorhombic axis in the face centered cubic
(FCC) structure.
Comparably, the morphology of as-received Nb revealed columnar grains with an average
grain size of 11.3 m (Fig.5.5). The grains formed a layered structure parallel to the RD with 63%
of the grain boundaries were HAGBs. The texture component of Nb was the Goss texture {110}
<001>, which is a typical shear deformed texture prevalently found in the body centered cubic
(BCC) materials [39, 40]. However, Goss texture in as-received Nb implied a diluted sharpness,
as the formation of LAGBs naturally diluted the sharpness of orientations. Moreover, most of the
primary planes of Nb grains lie along (001) to (112) as seen in Fig.5.5.
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Fig.5.3 IPF map and ODFs of the as-received Ti with the LAGBs and HAGBs.
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Fig.5.4 IPF map and ODFs of the as-received Al with the LAGBs and HAGBs.
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Fig.5.5 IPF map and ODFs of the as-received Nb with the LAGBs and HAGBs.
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5.3.3 Microstructure and Texture Evolution of Ti Subjected to Symmetric Rolling and ASR
The EBSD mappings of deformed Ti after symmetric rolling and ASR as a function of
initial stacking sequences are shown in Fig.5.6 to Fig.5.8. It was observed that the
microstructures of Ti subjected to 50% reduction after symmetric rolling and ASR were very
similar. Two types of grains were normally mismatch, and the size of larger grains of Ti was
about 16 m whereas, the finer grains were smaller than 5m, This indicates that the grain
refinement of Ti after rolling is inhomogeneous, which allowed the large grains to remain intact.
Moreover, the mechanism of grain refinement clearly took effect in a locational dependence. A
substantial amount of small grains can be observed in the middle layers, such as the 11th and 13th,
whereas, coarse grains can be found at the surface layers, such as the 1st and 23rd.
Besides the rolling imposing a size evolution in a localized manner, the orientations also
showed a locational dependence. Most of the grains belonging to the surface layers still
maintained the (

̅ ) plane along the RD which was inherited from the initial Ti. By contrast,

the coarse grains of Ti stacked near the middle sequence (t/
(

= 0.4 to 0.6) rotated their primary

̅ ) plane parallel the RD. Based on the microstructural evolution of Ti in this study, it was

dissimilar to the microstructural development of bulk Ti reported by Xu et al [41]. There was no
noticeable evidence showing Ti grain elongated along the RD, nor can the adiabatic shear bands
be found on the rolling plane, suggesting that the microstructural evolution of Ti embedded in
MLC is distinctive.
It should be mentioned that the microstructures of Ti showed profuse twining formation due
to reciprocal boundaries sliding from coarse grains, with exception of the 13th Ti at SR of 1.33. It
has been widely accepted that different types of twinning, either inducing by the tensile or
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Fig.5.6 IPF maps of deformed Ti in the MLC subjected to the symmetric rolling in accordance
with the stacking sequences of the 1st, 11th, 13th and 23rd.
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Fig.5.7 IPF maps of deformed Ti in the MLC subjected to the ASR for the SR of 1.33 in
accordance with the stacking sequences of the 1st, 11th, 13th and 23rd.
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Fig.5.8 IPF maps of deformed Ti in the MLC subjected to the ASR for the SR of 2 in accordance
with the stacking sequences of the 1st, 11th, 13th and 23rd.
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compressive strain, could be developed in CP-Ti after rolling [42], and, the activatable twinning
of Ti developed as a function of strain conditions and temperature [43]. The twinned grains being
formed from their parent grains were particularly dominant for the 1st, 11th and 23rd layers in this
study. Thus, in order to interpret the twinning of Ti after symmetric rolling and ASR, a
representative EBSD mapping of Ti simultaneously showing three types of twinning is illustrated
in Fig.5.9a. The neighboring misorientations were measured along the line interceptions (L1-L3)
respectively in Fig.5.9b. Pole figures in the stereographic projections of twinned grains in (
and (
<

̅ ) were demonstrated in Fig.5.9c. Results of misorientation profiles implied that 57

̅ >, 65 <

and {

̅ )

̅ } <

̅ > and 85 <

̅ > (corresponding to {

̅ }<

̅ >, {

̅ } <

̅ >

̅ > twinning, respectively) were prevalently observed after symmetric and

ASR, indicating these twinning systems were activatable in this study. Three types of twinning,
as report by Chun et al. correspond to the deformation modes in compression and tension
respectively [44]. Also, 65 <
parent grains belonging to (

̅ > and 85 <
̅ ) and (

̅ > twins selectively spiked out from the

̅ ) which shared one rotational axis in common

(Fig.5.9 b and c).
The misorientation of HAGBs is illustrated in Fig.5.10. It can be seen that misorientation
peaks were pronounced at 30, 65 and 85. The 30 corresponded to the basal <0001>
orientation which were associated with the basal slip of hexagonal structured grains. This can be
explained by the self-spinning of normal axis sweeps 30 around the ND as reported by Valle et
al [45] and Zeng et al [43]. The boundaries with a misorientation of 30 <0001> were dominant
at surface layers of Ti after ASR, but developed a relatively weak tendency in the transitory
regions, such as the 11th and 13th Ti (Fig.5.10b). The 65 <

̅ > compressive twinning was

prevalent in the symmetric rolled specimen, but reduced in frequency when SR increased. It can
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Fig.5.9 (a) The misorientation profile of different twinning, (b) IPF map showing the lines of
L1-L3, (c) (0002), ( ̅ ) and ( ̅ ) pole figures showing the twinning of L1-L3.
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Fig.5.10 The misorientation profiles of Ti subjected to (a) symmetric rolling, (b) ASR at the SR
of 1.33 and (c) SR of 2. (The misorientations less than 15 were not included).
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be seen that boundaries misoriented at 85 began to be exhaustive when SR reached 2,
suggesting the orientation spreading of {

̅ }<

̅ > tensile twinning was restricted when the

speed mismatch increased.
The EBSD results also revealed that the activation of twinning was dependent on the
stacking sequences after ASR. For the outer layer, basal slips and {

̅ } <

̅ ̅ > twinning

were observed at a higher rate in comparison with that of the inner layers, which was also
concluded by Chun et al [44]. The tensile {

̅ } twinning was preferentially formed from basal

grains at a low level deformation. Also, a low frequency of {

̅ } twinning can be seen

throughout the rolling processes. Typically, this type of twinning was recognized as a
deformation twinning being developed at a temperature above 400 C [46]. This could be
interpreted as a result of the adiabatic heat during the rolling process. It had been reported [18,
47] that discontinuous recrystallization could occur due to the adiabatic heat, especially in cases
like the current study which consisted of dissimilar materials with different thermal
conductivities. Additionally, the boundary energy of {

̅ } twinning was relatively low [48].

Thus, increasing the temperatures in rolled sheets would enhance the early activation of {
<

̅ }

̅ ̅ > compressive twinning even if the MLCs were processed at ambient temperature.
The distribution of the Schmid factor for the basal slip, pyramidal slip and prismatic slip

with respect to the slip systems of {0001} <

̅ >, {

̅ }<

̅ > and {

̅ }<

̅ >

on

a surface layer of Ti subject to compressive load along the ND is shown in Fig.5.11. Based on
the Schmid factor distribution, it can be seen that the basal slip systems were highly favorable
after 50% reduction because more deformed grains pertain to {0001} grains oriented
perpendicularly to the ND. This suggests that the compressive stress imposed on the basal grains
tended to produce more rotated grains, which can be supported in Fig.5.6. From the Fig.5.11c, it
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Fig.5.11 (a) Distribution of Schmid factor, (b) misorientation profile and (c) frequency of the
basal slip, pyramidal slip and prismatic slip of the layer subjected to ASR at the SR of 1.33.
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can also be observed that the pyramidal slips of deformed Ti were the secondarily favorable slip
system, Schmid factors of rotated grains tended to be pronounced near 0.375. The prismatic slip
was the least favored system with respect to the rolling. The primary planes and slip directions
were opposite to the load direction. It had been suggests that the prismatic slip systems acted as a
favorable deformation system subject to moderate deformation in the literature [49]. In contrast,
the Schmid factors distribution suggests the basal and pyramidal slips were the most activatable
systems. Also, Zeng et al [50] reported that the {

̅ } <

̅

prismatic slip played an

important role in texture evolution, but only at the early stage of deformation. Furthermore, the
prismatic slip systems inherently had the lowest critical resolve shear stress (CRSS) [51], thus,
making it indolent due to fact that there was insufficient slip systems to accommodate the
elongation along the normal axis (c axis). The calculated Schmid factors also agreed with the fact
that Ti only had limited slip directions along <

̅ >. Thus, to satisfy the co-deformation along

the compressive axis, the basal and pyramidal slips were not enough, meaning that the
compressive and tensile twinnings were needed to provide more deformation freedom as seen in
Fig.5.11a and b.
To reveal the effect of symmetric rolling and ASR on the evolution of texture in Ti clearly,
the development of ODFs was calculated in terms of the

= 0 and 30 sections from Fig.5.11

to Fig.5.13. The major volume of texture components after the symmetric rolling was presented
along the basal textures in {0001} <
{

̅ } < ̅ ̅ > and {

̅ > and {0001} < ̅ ̅ > accompanied with the split of

̅ } < ̅ ̅ > around

in Fig.5.11. It is clear that the texture

developments of Ti exhibited a symmetric effect in accordance with the neutral layer (middle
layer) after the symmetric rolling.
When SR increased, texture developments tended to be aggravated. Furthermore, the basal

134

Fig.5.12

= 0 and 30 section ODFs of Ti in the MLC processed by symmetric rolling in
accordance with the stacking sequences of the 1st, 11th, 13th and 23rd.
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Fig.5.13

= 0 and 30 section ODFs of Ti in the MLC processed by ASR at SR of 1.33 in
accordance with the stacking sequences of the 1st, 11th, 13th and 23rd.
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Fig.5.14

= 0 and 30 section ODFs of Ti in the MLC processed by ASR at SR of 2 in
accordance with the stacking sequences of the 1st, 11th, 13th and 23rd.
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textures evolved to rotate about 10 away {0001}, and started to weaken its densities in the
transitory layers (Fig.5.12 and Fig.5.14). Meanwhile, texture development of Ti after ASR still
maintained a locational dependence with respect to the surface and the middle layers. As
reported by Mousavi et al [52], the rolling force applied to the sheets after ASR is
inhomogeneous, as the sheets fed into a lower speed roller was subjected to a lower strain, while
the higher speed roller introduced maximal stress to the sheets’ surface. As a consequence, the
upper layers (1st and 11th Ti) at SR of 1.33 and 2 underwent a higher amount of redundant shear,
since the {0001} basal textures were sensitive to the shear strain [53]. Its strengthening and
spreading were prone to the rolling instability, which resulted in an unbalanced rotation around
the RD.
The present study also supported the fact that the orientations distributed at the lower part of
the sheets were induced by a compressive strain. Noticeable components belonging to {
= 55 - 70,

= 10,

= 30} dominantly formed at the 23rd Ti with the SR of 1.33 owing to the

propagation of 65 <

̅ > twinning. Practically, the orientation of Ti and the activation of

twinning or slip were a function of its parent grains and strain condition [41, 54]. The
development of orientation was significantly connected to the effective strain being imposed
throughout the rolled sheets [55]. As mentioned earlier, the types of effective strains being
applied through rolled sheets were a mixture of redundant shear and plane strain. Moreover,
layer refinement was noticeable at the upper region of the sheets after ASR, supporting the fact
that strains being applied through the composites were heterogeneous.
The average grains sizes varied as a function of increasing of SR depicted as depicted in
Fig.5.23. Three typical features can be found. Firstly, the grain refinement took place
immediately after rolling, reducing the average grain size from 18.5 m down to less than 7m.
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This supports the evidence reported by Milner et al [56] that grain refinement in a MLC was
more significant at the primary rolling cycle. Secondly, the layers stacked near the middle of the
sheets were relatively thinner in comparsion with that of the surface layers. Thirdly, the layer
refinement seemed to selectively reduce grain size at layers stacked at the upper portion of the
rolled sheets when the rollers mismatch increased. Furthermore, It can be concluded that rolling
strain distribution was heterogeneous after the ASR process, layers stacked at the upper region
underwent a greater redundant shear than the lower region.
The fraction of LAGBs of Ti subjected to both symmetric and ASR was estimated from
the orientation mapping and is shown in Fig.5.24a. As the SR increased, the percentages of
LAGBs gradually increased to above 45% after ASR due to more LAGBs being formed from the
coarse grains. As the layers and grains size refinement continuously took place, the formability
of LAGBs intended to depend on the stacking sequences, which were especially pronounced in
the 1st and 13th layer due to the propagation of slip and compressive <

̅ > twinning

(Fig.5.10b). As confirmed by the EBSD results, the deformation modes in the current study were
achieved through slip and twinning, and it was found that the frequencies of twinning
distribution were slightly higher in comparsion with the results reported by Xu et al [41],
especially in comparison with the frequency of the {

̅ } twinning. It had been proposed that

this was due to the prismatic slips (a) combined with the pyramidal slips (c+a) being the
preferred defomation modes when true strain reached 0.4 [44]. However, the Ti layers embedded
in the current MLC not only had a limitation in thickness, but also lacked the deformable
systems, making it appeared to be unable to satisfy the five independent slip systems criteria.
Thus, to accommodate the c axis deformation, both tensile and compressive twinning needed to
be activatable.
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5.3.4 Microstructure and Texture Evolution of Al Subjected to Symmetric Rolling and ASR
The EBSD mappings of Al layers subject to 50% reduction after symmetric rolling and
ASR are shown in Fig.5.15 to Fig.5.17. The average grain size distribution of Al is shown in
Fig.5.23b as well. The microstructures on the rolling planes suggested that the development of
microstructure on the rolling plane was significantly distinctive from the cross section (RD-ND)
as also reported by previous researchers in [57]. A fine equiaxed structure surrounded by the
HAGBs could be found at subsurface layers such as the 2nd and 22nd Al. In addition, based on the
morphology on the rolling plane, there was no evidence Al grains would tend to elongate along
the RD. There was no twinning formed after rolling since Al is a material with a high stacking
fault energy (SFE) [58]. The microstructures of Al stacked at the 10th and 14th layers were
relatively coarse, indicating the microstructural evolution of Al was sensitive to types of rolling
strains being imposed throughout the thickness.
Similar to the Ti, the grain size of Al dramatically dropped down from 28 m (as-received
Al) to about 4.8 m at subsurface layers (2nd and 22nd) and 7 m near the middle region (10th and
14th) after the symmetric rolling (Fig.5.23a). The result of symmetric rolling implied a mirroring
effect in accordance to the neutral plane. When SR increases, the cross shear zone induced by the
different circumferential speeds of rollers started to accelerate the localized refinement at the
upper portion of the sheets instead of the lower portion.
The variation of the

= 0 and 45 sections of ODFs for the surface and middle layers

with rolling processes are shown in Fig.5.18 to Fig.5.20. The texture evolution of Al after
symmetric rolling was qualitatively consistent with surface and middle layers. The dominant
textures were Goss {011} <100>, Rotated cube {001} <110>, Brass {110} <112>, and Cube
{001} <100>. The orientation spreading densities were differently distributed for the layers at
140

Fig.5.15 IPF maps of deformed Al layers in the MLC subjected to symmetric rolling in
accordance with the stacking sequences of the 2nd, 10th, 14th, and 22nd.
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Fig.5.16 IPF maps of deformed Al layers in the MLC subjected to ASR at the SR of 1.33 in
accordance with the stacking sequences of the 2nd, 10th, 14th, and 22nd.
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Fig.5.17 IPF maps of deformed Al layers in the MLC subjected to ASR at the SR of 2 in
accordance with the stacking sequences of the 2nd, 10th, 14th, and 22nd.
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Fig.5.18

= 0 and 45 sections ODF for Al in the MLC processed by symmetric rolling in
accordance with the stacking sequences of the 2nd, 10th, 14th, and 22nd.
144

Fig.5.19

= 0 and 45 sections ODF for Al in the MLC processed by ASR at the SR of 1.33 in
accordance with the stacking sequences of the 2nd, 10th, 14th, and 22nd.
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Fig.5.20

= 0 and 45 sections ODF for Al in the MLC processed by ASR at the SR of 2 in
accordance with the stacking sequences of the 2nd, 10th, 14th, and 22nd.
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the surface and in the middle. Whereas, the shear strains imposed by the frictional force between
the rollers and surface of MLCs developed various orientations such as the Rotated cube and
Goss. These could be found at subsurface layers, and Brass was the weakest orientation at the
surface layers. By contrast, the compressive strain developed the strongest Brass texture (f (g))
higher than 24) at the middle layers with a low fraction of the shear textures processed by the
symmetric rolling (Fig.5.25a). It was interesting to observe that the Cube texture still survived
after 50% reduction with a dim intensity at the middle layers (Fig.5.18 and Fig.5.25a). Since the
adiabatic heat may enhance the elevating of the inner temperature in this study, the persistence of
Cube component may be attributed to the partial recrystallization.
Upon the increase of SR, the diversity of orientations was significantly induced by the
structural heterogeneity owing to the complexity of shear distribution [57]. It was observed that
the metastable Cube texture was completely destroyed after the ASR. Textural anisotropy
indicated a locational dependence based on the types of strain. For the SR of 1.33 in Fig.5.19, the
subsurface layers possessed a weak and inconsistent intensity in Rotated cube and -fiber
(<111>// ND) textures, while, a transitional {011} <211>, and a deviated -fiber (<011>//ND)
with a low intensity could be found at the middle layers. Furthermore, to interpret the texture
evolution of Al in terms of  and -fiber, the density variation was illustrated in Fig.5.25b and c.
It is clear that the ASR significantly suppressed the development of -fiber textures, while,
slightly boosting -fiber textures. Hereafter, when SR increased to 2, the strongest Rotated cube
(f (g) = 24.3) with a fraction of 41.2 % and Copper {112} <111> with a fraction about 9.8%
could be observed in the 10th and 14th layer, respectively in Fig.5.20. Meanwhile, due to the ASR,
flow instability appears in neighboring layers [59] generating a bifurcated distribution away from
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the ideal position of Brass in the 10th and 14th. Prominent shear textures like the Rotated cube
existing in the upper region were verified by Lau et al [60].
Previous researchers reported [61] that the plane shear can accelerate the complexity of
MLC. Moreover, the diversity of texture evolution in Al after ASR was a question of a parabolic
strain distribution throughout thickness [62], which was clear in the cross section in the present
study (Fig.5.2c). Hence, the planar anisotropy was promoted by the effective reduction imposing
into the individual layers instead of bulk scope. It had also been reported in [58, 63] that at a
moderate reduction, the -fiber textures, especially in Goss and Brass, would cumulatively
increase due to the compressive orientation path and planar slips. Alternatively, Copper and S
{123} <634> textures simultaneously appeared in the middle layers at SR of 2 (Fig.5.20 and
Fig.5.25a) due to the development of {111} <110> slip [64]. Normally, these two textures lie
along the -fiber according to Hirsch et al [65]. The occurrence of such textures suggested that
the layers stacked at these sequences undertook a higher amount (over 60%) of strain. Also a
scattered -fiber texture formed after ASR at SR of 1.33 with a fraction more than 9 %. The
-fiber texture is a typical texture found in a BCC material after rolling, and it is well known for
its generation in FCC materials due to uniaxial tension [66] and considered to be an orientation
with a good formability [67]. Therefore, besides being actively involved in grain refinement, the
shear strain also aided the formability in planar extension in a biaxial manner after ASR.
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5.3.5 Microstructure and Texture Evolution of Nb Subjected to Symmetric Rolling and
ASR
The EBSD mappings of the 9th and 15th Nb layers (Fig.5.21) stacked at the transitory region
(t/  0.32 and 0.57, respectively) subjected to the ASR demonstrate that the microstructure of
Nb after rolling was inhomogeneous and consisted of a bimodal structure. Subsequently, most of
the LAGBs interiorly formed from it (Fig.5.21a). On other hand, the HAGBs tended to form a
lamellar boundary along the TD.
Grains having less than 4.5 m in diameter can be found clustering along the RD, which
HAGBs appeared to surround themselves. Such {111} <uvw> grains were reported as small
sizes with high dislocation densities [68]. Comparably, grain refinement was consistent with the
tendency in Ti and Al after ASR at SR of 1.33. However, the discrepancy in selective layer could
be found between the upper and lower portion of the sheets, as the cross shear region appeared to
be negligible at SR of 2 (Fig.5.23c). This can be explained by the necking of the Nb, since the
severe plastic formation introduced into the thickness of sheets was inhomogeneous in a
parabolic shape which triggered the necking and fracture of Nb, creating a “necklace” structure
along the RD (Fig.5.2). Thus, the Nb layers experienced a planar refinement in a fluctuating
manner.
The ODFs and LAGBs of the 9th and 15th layer of Nb varied with SR as depicted in Fig.5.22
and Fig.5.24c, respectively. There is a clear tendency; the preferred orientation promptly splits
from Goss texture (starting texture) into -fiber textures. Concurrently, a Rotated cube texture
appears after the ASR at a SR of 1.33. The Rotate cube was recognized as an in-grain gradient
after planar strain in BCC materials [69]. The most relevant slip systems of BCC structured
materials belong to the <111> pencil glide. Thus, any potential slip planes comprising this
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Fig.5.21 IPF maps of deformed Nb layers in the MLCs processed by ASR at the (a) SR of 1.33
and SR of 2 in accordance with the stacking sequences of the 9th and 15th.
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Fig.5.22
= 0 and 45 sections ODFs of Nb layers in the MLCs processed by ASR at the (a)
SR of 1.33 and (b) 2 in accordance with the stacking sequences of the 9th and 15th.
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Fig.5.23 Grain size distributions of Ti, Al and Nb in accordance with the stacking sequence
subjected to (a) symmetric rolling, (b) ASR at the SR of 1.33 and (c) 2.
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Fig.5.24 LAGB distributions of (a) Ti and (b) Al and (c) Nb in the MLCs subjected to symmetric
rolling and ASR at the SR of 1.33 and 2.
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Fig.5.25 (a) Fraction of texture components for Al in the MLCs subjected to symmetric rolling
and ASR. The orientation densities of Al along the (b) -fiber and (c) -fiber. (d) The orientation
density of Nb along the -fiber.
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direction were likely to be a movable system. But, most of the heavily involved slip planes are
limited to {110}, {112} or {123} based on previous research [70]. The development of Rotated
cube texture in a BCC material was mainly caused by the activation of {110} <111> slip when
rolled sheets were subjected to an equal amount of primary and cross slip [71]. Furthermore, it
was believed to be a shear texture when the partial strain was inhibited along the RD and
suggested to be able to promote strain hardening [69]. Also the formation of rotated cube could
be due to relaxation of the partial strain along the TD [72]. That agreed very well with the
findings of the present study that the HAGBs in Nb at SR of 1.33 were favorably formed along
the TD. Moreover, the existence of -fiber textures in the Al also supported the fact that besides
the compression, lateral tension was also processed by rolling, because the ASR initiated the
heterogeneous strain distribution (Fig.5.2b).
In accordance with the orientation density variation along -fiber in Nb (Fig.5.25d), it can
be seen that textures were dominative in {111} <011>. Due to the ASR inducing the layers
variation, the triclinic symmetry was prone to fluctuate the orientation spread around the ND in
the 15th Nb layer, making the (111) [ ̅
180,

= 55,

] possessing a density of 25 in the rotational space (

=

= 45). The dominant textures sitting along the -fiber were alternatively

shifted from {111} <011> to {111} <112> with a decrease in sharpness of the Rotated cube
when SR reached 2 (Fig.5.25d).
The layers stacked at the upper portion, such as the 9th layer, possessed a sharper orientation
than the 15th layer. As revealed by the LAGBs distribution of Nb in Fig.5.24c, the LAGBs were
raised to above 82% and the divergence in percentage was minimized because a long range of
orientations persisted within  15 around ideal <111> //ND when SR reached 2. It could be
proposed that the strengthening of the {111} <112> was caused by the dynamic recrystallization
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during rolling [73]. Moreover, such strengthening phenomenon during ASR was dependent on
the degree of deformation [74], implying the true strain imposing on the Nb layers was higher
than 50%. Thus, the adiabatic heat not only contributed to the presence of recrystallization
texture in the Ti and Al, but also, was actively involved in the Nb. Previous reports also
suggested that the development of -fiber textures was extremely susceptible to the ASR process
[75, 76]. The simulation in texture with consideration of the potential slip systems in BCC [70]
also revealed the dominant mode switching between {111} <110> and {111} <112> . In this
study, the {112} <111> slip was more active at an SR of 1.33, while, the {110} <111> slip
system was more active at an SR of 2. Finally, concerning the diversity of textures in Nb, the
ASR process may not lead to an asymmetric discrepancy between the couple layers, but, the
orientation density of -fiber was sensitive to the ASR process.

5.4 Conclusions
Ti/Al/Nb composites have been made by symmetric rolling and ASR at a bulk reduction of
50%. Microstructure and texture evolution are achieved in a layer by layer manner. SEM and
EBSD investigations of microstructure and crystallographic evolutions have shown the
following:
(1) The microstructures formed both by the symmetric rolling and ASR were similar. However,
the formability and homogeneity of the rolled sheets were affected by the inclination of strain
distribution when SR increases.
(2) There are two types of dominant textures formed after symmetric rolling and ASR.
Propagation of the cross shear zone leads to the shear textures forming at the surface and
subsurface layers. The orientations developed by planar compression formed at the transitory
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layers or layers near the middle plane.
(3) There are three types of deformation twinning appear after symmetric rolling and ASR,
including {

̅ }, {

̅ } and {

̅ } twinning. However, the frequency of twinning is

suppressed when SR increases. Schmid factors distribution suggests basal and pyramidal
slips are the most activatable slip systems.
(4) The mechanism of grain refinememnt selectively takes effect throughout the thickness when
SR increases; while grain refinement tends to strengthen at layers stacked at the upper region.
(5) The texture evolution in -fiber of Al and {001} <110> of Nb after ASR at SR of 1.33 reveal
that the lateral tension is applied into the MLC along the TD.
(6) The ASR process can improve the development of texture along -fiber (<111>//ND) in Nb,
but the discrepancy in diversity of textures is not very sensitive to the ASR process in
comparison with that of Ti and Al.
(7) Evidence in texture evolution also suggests that the adiabatic heat occurred due to bonding of
dissimilar structured materials, suggesting that the recrystallization may occur during the
rolling process.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1 Major Conclusions
The microstructure and crystallographic texture of Ti, Al and Nb layers in the MLCs
produced using the ARB technique, up to two ARB cycles, were studied in a layer by layer
manner on the rolling plane. The main conclusions are as follow:
(1) The ARB technique can be utilized to produce the Ti/Al/Nb MLCs. As the number of ARB
cycles increased, the grain refinement tended to be significant. The initial grain refinement
was the most significant for the MLCs processed by as-roll bonding.
(2) The distribution of Von Mises strain suggested that the deformation of the MLCs processed
by the ARB process with a heterogeneous. It was in a locational dependence. For the strain
distribution, the surface and the middle layers both exhibited a negative strain rate. The strain
of the transitory layers increased rapidly between the surface layers and the neutral plane
layers.
(3) For the texture evolution of Ti in the MLCs processed up to two ARB cycles, the results
suggested that textures tended to distribute near the <

>, < ̅

> and <

̅ > fibers.

The strongest texture can be observed in the 1ARB specimen, which has been proven to have
a high anisotropic effect. Macroscopically, the texture development can be sorted in similar
tendencies for the surface region and transitory layer region.
(4) For the Ti in the MLCs subjected to conventional roll bonding, the {

̅ } twinning and <c>

basal slip appeared. For the 1ARB cycle specimen, the <c + a> pyramidal slip combined with
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the compressive twining of {

̅ }, {

̅ } and tensile twining of {

̅ }. Together, these

contributed to the texture strengthening.
(5) The following evidence of texture evolution in the MLCs suggest that adiabatic heating
occurred due to the bonding of dissimilar materials:
-

The {1122} twining of Ti in the MLCs appeared, when the ARB cycles increased to 2.

-

The existence of Cube texture in Al layers in the MLCs.

-

The gradual descent of the {112} <110> in Nb layers in the MLCs.

(6) The Bingham distribution was successfully used to model the texture evolution by defining
the textures in a discrete manner. The selection of rotational variant, shape matrix, texture
concentration and kernel estimator are the most critical aspects for the Bingham modeling.
(7) The formability and homogeneity of the rolled sheets were sensitive to the mismatch of the
SR of the rollers. The inclination of strain distribution was increased when SR increased.
(8) Based on the results obtained using the asymmetric rolling technique, the texture evolution of
the Al suggested that the lateral tension is applied into the MLCs.
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6.2 Recommendation for Future Work

(1) It has been demonstrated that the strain distribution along the thickness suggested a
heterogeneous distribution. The accumulated Von Mises strain calculated based on the layer
thickness had been performed. However, in order to quantitatively evaluate the actual shear
strain distribution, the embedded pin test is recommended.
(2) It had been reported that for the MLCs consisting of dissimilar materials, such as Cu/Nb,
exhibited a characteristic interstitial boundary alignment (the {112} Cu // {112} Nb) when
subjected to the ARB process [1]. Thus, it is insightful to conduct the EBSD test to
characterize the Al/Nb interfaces, when the ternary MLCs subjected to the ARB process.
(3) The results of texture evolution of Ti, Al and Nb layers all suggested that the adiabatic
heating occurred. However, to confirm this phenomenon and quantitatively study the
adiabatic heat, a detailed study of the grain orientation spread is necessary.
(4) The initial objective of previous works in the Acoff group was to process MLCs using the
ARB technique followed by annealing to produce -TiAl intermetallics. Thus, it is
suggested to study the phase transformation and texture evolution of the intermetallic
processed by different annealing temperatures and times.
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APPENDIX A
ORIENTATION DISTRIBUTION FUNCTION OF TI

Fig.A1 2=0°and 30°sections of the ODFs of Ti layers in the MLC processed by as-roll bonded
in accordance with the layers at (a) the 1st, (b) the 5th, (c) the 7th and (d) 11th.
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Fig.A2 The presented texture components in accordance with the ODF sections (Euler-Bunge
space) of the Ti subjected to as-roll bonded at (a) 2=0°and (b) 30°.
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Fig.A3 Constant 2=0°and 30°ODF sections of Ti layers in the MLC processed by 1 ARB
cycle in accordance with the layers at (a) the 1st, (b) 7th, (c) 13th, (d) 17th, and (e) 23rd.
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Fig.A4 The presented texture components in accordance with the ODF sections (Euler-Bunge
space) of the Ti subjected to 1ARB cycle at (a) 2=0°and (b) 30°.
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Fig.A5 Constant 2=0°and 30°ODF sections of Ti layers in the MLC processed by 2 ARB
cycles in accordance with the layers at the (a) 1st, (b) 7th, (c) 17th, (d) 36th and (e) 46th.
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Fig.A6 The presented texture components in accordance with the ODF sections (Euler-Bunge
space) of the Ti subjected to 2ARB cycles at (a) 2=0°and (b) 30°.
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APPENDIX B
BINGHAM MODELING AND ORIENTATION OF NB

Fig.B.1 Typical routes in data processing and Bingham modeling. The 9th Nb layer in the MLC
processed by 1ARB cycle was set as an example.
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Fig.B2 The stereographic PF in the {110} and {200} projections illustrating the textures
components appeared in the Chapter 4.
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Fig.B3 The constant ODF sections illustrating the textures components appeared in accordance
with Chapter 4.
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