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Abstract: This contribution presents the evolution of crystallographic texture during thermome-
chanical processing of Al alloys. It is shown that the nature of crystallographic changes involved in
deformation and recrystallization is strongly affected by the variety of initial (pre-rolling) state of
a given metallic system. Four hot rolled Al strips of identical chemical composition and different
textures were subjected to further thermomechanical processing with equal technological character-
istics. Although the pre-rolling textures were first destroyed by the deformation, while annealing
accounted for further qualitative and quantitative crystallographic changes in the investigated poly-
crystalline systems, it seems that there is still a great influence of the hot band texture on the texture
dependent properties. Various qualitative and quantitative texture characteristics of annealed sheets
ensured diverse Lanford value curves, which is a direct consequence of the crystallographic features
developed in the hot bands. The Cube-dominated hot band ensured a strong V-shaped profile after
cold rolling and subsequent recrystallization, whereas it was shown that a weak pre-rolling texture is
more advantageous in terms of both normal and planar anisotropy.
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1. Introduction

Polycrystalline metal sheets are generally produced by casting, rolling, annealing and
these thermomechanical processes (TMP) ensure continuous structural rearrangements
on various levels [1,2]. The majority of resulting properties are strongly dependent on
the crystal structure of metallic systems, alloying elements, evolved grain size, and ho-
mogeneity of microstructure, while others are affected by the crystallographic texture,
which tends to evolve during the entire TMP process [1]. In the case of Al alloys, the
TMP involves direct chill casting, homogenization, which is followed by the hot and cold
rolling (in some instances intermediate annealing is employed between the rolling passes)
and finally the deformed material is subjected to annealing, that induces recovery and/or
partial/full recrystallization (RX). Each stage of the TMP chain was studied in great detail
and can be considered as an independent event. However, the results of numerous investi-
gations clearly show that there is a kind of “hereditary” connection between the individual
processing steps [1–6]. The apparent interconnection between the distinct links of the
production chain implies that each TMP step affects the consequent process and likewise
the final properties of a given material. The metallic polycrystalline systems exposed
to a sequence of rolling and heat treatment processes tend to experience morphological
changes, which depend on the technological parameters, such as the degree of straining
level, deformation rate, annealing history etc. Typically, single-phase microstructures retain
a trace of the preceding TMP steps via the grain size and morphology, microstructure
heterogeneity, linear and two-dimensional defects evolved within particular grains, as
well as the evolution of dominant crystallographic orientations or orientation fibres in the
polycrystalline aggregate. The crystallographic aspect of mesoscopic changes is far more
complex and less apparent compared to morphologic one, inasmuch as a set of new orien-
tations replaces the preceding texture and the link between the two qualitatively different
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counterparts is not straightforward [1,2,5,6]. For instance, in metals with face-centered
cubic (FCC) crystal structure, the deformation texture is characterized by the α and β fibres
(see Figure 1), whereas at higher straining levels, the majority of orientations are aligned
along the β-fibre [7], which connects the Copper and Brass components via the following
set of orientations: {325}<10 15 12>, {213}<9 15 11>, {314}<5 9 6> [8]. During discontinuous
annealing, the deformation texture components tend to transform to a qualitatively new
one [1,2], characterized by the θ and η-fibre orientations mixed with the weakly developed
α and γ-fibre orientations.
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Briefly summarizing the TMP of Al alloys, it should be mentioned that Al ingots are
typically reheated to elevated temperatures (reheating temperature is alloy dependent and
generally above 500 ◦C) and transferred to the breakdown unidirectional or reversible hot
rolling mill while this process is followed by a high-speed tandem rolling [1–3]. The severe
thickness reductions involved (above 98%), elevated temperatures, and large inter-pass
times between two consecutive rolling passes tend to induce static recrystallization in the
breakdown rolling and lead to the evolution of Cube orientation [9]. The succeeding high-
speed rolling by the tandem mill diminishes the importance of interpass recrystallization,
however, the so-called self-annealing can take place during the coiling of the hot rolled
strip [9,10]. The wide variety of hot rolling processing parameters results in a vast diversity
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of microstructures and textures, which tend to develop in the hot band [2–4,10,11]. As
it was claimed in Ref [2], low finishing temperature (T < 240 ◦C) in the uncoiled strip
ensures relatively homogeneous microstructure with highly elongated grains along rolling
direction (RD), while the texture is composed of a mixture of β-fibre and very weak
Cube and Goss RX texture components. The hot rolled and subsequently coiled strip
showed a similar microstructural evolutionary pattern [2], however, the crystallographic
texture contained a significantly higher volume fraction of RX components mixed with the
characteristic rolling texture fibres. Results of investigations suggest that the evolution of
RX texture components at low roll finishing temperatures (T~250 ◦C) could be attributed to
the enhanced interpass time which triggers recrystallization process, while the increase of
the roll finishing temperatures (T > 300 ◦C) may account for complete recrystallization in
the coiled strips because of a self-annealing [10]. In summary, one can conclude that three
qualitatively different texture types might evolve during hot rolling: (i) β-fibre dominating
texture, (ii) β-fibre mixed with RX components, and (iii) purely RX texture components if
the HB coil is subjected to annealing at elevated temperature.

Controlling both the microstructure and texture evolution during hot rolling is an
important technological challenge, inasmuch as the microstructural features of the hot
band significantly contribute to the development of properties in the final state [3,4,9–11].
Since the texture is a major source of anisotropy [12,13], it is of key importance to produce a
material with proper crystallographic features to ensure corresponding material’s behavior
during the post-processing operations such as forming, deep drawing or stamping. Both
normal and planar anisotropy (average r and ∆r), calculated from the Lankford values,
measured in tension at different angles with respect to RD, are indicative of forming quali-
ties of flat materials. Ideally, the average Lankford value should be as highest as possible
(or above 1) to avoid thinning of a sheet while the measured in-plane diversities should
be minimized to the lowest possible level. As has already been proven [1,2,12,14–16], both
normal and planar anisotropy values are directly related to the texture evolved during
the last step of TMP, and therefore texture control during each TMP step is of particular
relevance since the texture development is a continuous evolutionary process throughout
the production chain.

The materials research community continues aiming to understand the relationships
between the TMP and microstructure evolution in metallic systems [4–7,9,14–17], and
in that context, this contribution presents the through process texture evolution in 6xxx
Al alloy with diverse hot bands and shade a light on the effect of HB texture on plastic
strain ratio.

2. Materials and Methods

In order to reveal the effect of hot band texture on plastic anisotropy, four samples of
Al-Mg-Si alloy (AA6016 series) with identical chemical composition and diverse prerolling
textures were subjected to detailed investigation. The evolution of crystallographic texture
was studied in samples A–D. The first sample (A) was subjected to non-conventional
asymmetric hot rolling, while the other three counterparts (B–D) were symmetrically hot
rolled. Diversity of TMP parameters prior to cold rolling ensured different hot band
textures. All hot band strips were cold rolled with 86% thickness reduction and afterward,
the deformed sheets were heat-treated at 550 ◦C for 30 s with the aim to ensure a fully
recrystallized state.

The hot band, cold rolled and annealed samples were exposed to textures measure-
ments across the thickness by electron backscattering diffraction (EBSD) technique, which
enables relatively fast data collection rates and accurate pattern indexing. In the case
of hot rolled and annealed samples, the EBSD detector (EDAX Inc., Mahwah, NJ, USA)
was optimized for high data collection at ~100 frames per second while the deformed
samples were investigated at a lower acquisition speed ~10 frames per second. In each case,
the orientation data were gained from the plane perpendicular to the sample transverse
direction (TD-plane). The electron backscatter patterns were collected and post-processed
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by the commercial OIM-TSL-8® software (EDAX Inc., Mahwah, NJ, USA). The orientation
imaging microscopy (OIM) data were acquired by the Hikari-type® detector (EDAX Inc.,
Mahwah, NJ, USA), which was attached to the high-resolution scanning electron micro-
scope (FEG-SEM) FEI-TENEO® (Thermo Fisher Scientific, Brno, Czech Republic). The
EBSD data of both hot rolled and annealed materials were collected at the acceleration
voltages of 18–20 kV. In the deformed materials, the acquisition was performed at lower
acceleration voltages, to avoid overlapping of acquired patterns with ones originating
from the deeper layers. Application of 14–18 kV guaranteed appropriate pattern qual-
ity. During OIM measurements, the investigated samples were 70◦ tilted with respect
to the EBSD detector. The EBSD mapping was conducted on hexagonal scan grids. The
experimentally measured orientation distribution functions (ODFs) were displayed in the
ϕ2 = 45◦, ϕ2 = 65◦ and ϕ2 = 90◦ sections respectively, which reveal the majority of texture
components and fibres evolving during both deformation and annealing.

The quantitative characteristics of texture evolution are discussed in terms of ODF
maximum value (ODFmax, expressed in multiples of random distribution, m.r.d.), texture
index (integrated intensity value of all orientation in Euler space, TI =

∫
f (g)dg), and

distribution of texture components along the fibres (see Figure 1), which are characteristic
for a given process.

Sample preparation for OIM examination was performed according to the standard
procedure, which comprises mechanical grinding, polishing as well as electrolytic polishing.
The mechanical polishing procedure was finished with two DiaDuo Struers®-type (Struers,
Denmark) suspensions which contain 3 and 1 µm diamond particles, respectively. After
obtaining a mirror-type surface quality, the samples were cleaned with liquid soap and
rinsed with warm water. As a final step of sample preparation for EBSD, the clean and dry
surfaces of investigated samples A–D were subjected to the electrolytic polishing (with
A2 Struers® electrolyte (Struers, Denmark)), which was conducted for 45–60 s at voltages
ranging from 20 to 30 V. The A2 electrolyte was cooled to temperatures ranging between
−5 and 0 ◦C.

To assess the effect of annealing texture on both normal and planar anisotropy, the
Lankford value profiles were simulated for samples A–D by a well-established crystal
plasticity model Alamel [18,19]. The calculation of r-values was performed with the model
by taking into account the {111}<110> octahedral slip systems, which typically operate
during deformation at room temperatures in materials with FCC crystal structure.

3. Results and Discussion
3.1. Hot Band Texture

Prior to cold rolling, the investigated materials A–D were subjected to complex TMP,
which involved both conventional and non-conventional processing strategies. The evolu-
tion of crystallographic texture during hot rolling is beyond the scope of this contribution,
nevertheless, a brief summary of HB textures developed is presented below. As can
be seen in Figure 2, two distinct types of textures evolved after hot deformation. The
asymmetric hot rolling tended to produce an ODF with broken orthotropic sample symme-
try. Given this, the texture of Figure 2a was calculated by employing triclinic symmetry
(0 ≤ ϕ1 ≤ 360◦, 0 ≤ Φ ≤ 90, 0 ≤ ϕ2 = 90) to reveal the true nature of texture evolution
during the non-conventional processing. In contrast to sample A, the rest of investigated
samples (B–D) were subjected to conventional/symmetric hot rolling and therefore the ap-
plication of orthotropic symmetry (0 ≤ ϕ1 ≤ 90◦, 0 ≤ Φ ≤ 90, 0 ≤ ϕ2 = 90) is justified. The
ODFs presented in Figure 2a–d reveal significant qualitative and quantitative diversities.
Material A is characterized by the asymmetric texture of moderate intensity (the maximum
ODF value ODFmax is 6.47 m.r.d.) and orientations, which were spread around the α and
θ fibres mixed with the traces of components scattered around the β-fibre. Compared to
conventionally produced materials B–D, the texture components evolved in material A
are significantly shifted from the fibres (see Figure 1), which tended to develop during
symmetric hot rolling.
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Figure 2. Hot band textures observed in the investigated materials: (a) material A, ODFmax = 6.47,
TI = 1.98; (b) material B, ODFmax = 3.92, TI = 1.34; (c) material C, ODFmax = 13.94, TI = 2.63; (d) material
D, ODFmax = 11.83, TI = 4.24.
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The ODFs of conventionally hot rolled materials B–D consist of components dis-
tributed along the α, β, θ, η fibres. Figure 2a shows the faintly developed texture of
material B, which is characterized by quite consistent θ-fibre (ND rotated cube orientations)
with a maximum intensity of 3.92 m.r.d. at {001}<100> orientation, weak RD rotated cube
components and α-fibre orientations, such as Goss and Brass. Both TI and ODFmax values
indicate that this material is less textured, compared to other investigated samples. By
way of contrast, material C reveals a strongly developed Cube texture component with the
intensity of 13.94 m.r.d and scattered traces of RD and ND rotated counterparts, while the
intensity of other components is negligibly low. Material D is composed of a mixture of
Cube and β-fibre orientations of comparable intensities. The investigated non-conventional
texture of moderate intensity (material A), weakly textured (material B), Cube dominating
(material C), and the mixture of the Cube and β-fibre cover a wide spectrum of hot band
textures, which might emerge by altering the TMP parameters during hot rolling.

3.2. Cold Rolling Texture

A comparison of Figures 2 and 3 clearly demonstrates that the pre-rolling textures
experience severe reorientation. As Figure 3 shows, the evolution of crystallographic
texture during 86% thickness reduction imposed by cold rolling occurs mainly along the
α, β and η fibres. Although all samples were subjected to the same straining degree,
both qualitative and quantitative diversities were observed in the textures of investigated
materials (see Figures 3 and 4). It is important to underline that the texture of material A
became symmetric due to symmetry imposed by conventional/symmetric cold rolling. The
unequal distribution of orientations along the α, β, and η fibres (Figure 4a–c) is attributed
to differences in the hot band textures.

Analyzing the evolution of texture intensities f(g) along the α-fibre, one can notice
that in all cases the maxima are observed around the Brass orientation (this component
also belongs to the β-fibre), while the intensity of Goss component hardly changed. The
major qualitative difference between the texture evolutionary patterns in materials A–C
and D is related to the presence of {011}<100> in samples A–C, which was not present in
the deformed sample D. Apart from this, very weak peaks can be noticed in the vicinity of
P-orientation, which can be attributed to the presence of large (d ≥ 1 µm) non-deformable
constituent particles. Results of finite element simulations [7,20] clearly indicate that the
deformation flow in the vicinity of the hard inclusions strongly deviates from the particle-
free domains and lead to the evolution of orientation spectrum, which is not typical for the
plane strain compression (dominant strain mode in rolling).

In materials A–C, which revealed negligibly low (or zero) orientation intensity along
the β-fibre in the hot band, the rolling caused a quite homogeneous distribution of com-
ponents along this fibre. Similar texture distribution was observed in 5xxx Al alloy with
almost random pre-rolling texture [7]. The unequal intensity distribution along the β-
fibre in material D (8 < f(g) < 23.2) is inherited from the HB, which already contained the
mentioned deformation texture orientations. After rolling, the intensities of all compo-
nents in sample D tended to enhance, and the maximum was observed in the vicinity of
{314}<5 9 6>. The reference orientations of the β-fibre shown in Figure 4b can be computed
by the help of expression presented in Figure 1, according to which the position of each
individual component of the skeleton line connecting the {112}<111> and {011}<211> in
Euler space is a function of a single miller index h [8]. The intensities of components along
the rolling texture fibre in sample D first tend to intensify with an increase of h from 1 to
3, i.e., while moving from the {112}<111> towards {314}<5 9 6>, whereas the f(g) value
follows downward trend by approaching Brass orientation {011}<112> when 3 < h < ∞.

Figures 3 and 4 demonstrate that even a high straining level such as 86% thickness
reduction was not capable of ensuring complete reorientation of {001}<100> towards the
rolling fibre texture in materials C and D. This is due to the fact that Cube orientation
reveals high stability while subjected to plane strain compression. Analysis of η-fibre
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(Figure 4c) suggests that materials with initially strong Cube component (C and D) are
prone to produce RD rotated Cube orientations such as {014}<100> and {013}<100>.

Metals 2021, 11, x FOR PEER REVIEW 7 of 17 
 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 3. Deformation textures after 86% thickness reduction: (a) material A, ODFmax = 9.03, TI = 4.02; (b) material B, ODFmax 
= 9.81, TI = 4.29; (c) material C, ODFmax = 6.77, TI = 2.88; (d) material D, ODFmax = 23.16, TI = 9.29. 

Figures 3 and 4 demonstrate that even a high straining level such as 86% thickness 
reduction was not capable of ensuring complete reorientation of {001}100 towards the 
rolling fibre texture in materials C and D. This is due to the fact that Cube orientation 
reveals high stability while subjected to plane strain compression. Analysis of η-fibre (Fig-
ure 4c) suggests that materials with initially strong Cube component (C and D) are prone 
to produce RD rotated Cube orientations such as {014}100 and {013}100. 

3.3. Recrystallization Texture 
Analysis of ODFs presented in Figures 4 and 5 reveals that the deformation textures 

experienced severe transformation during recrystallization. As can be seen in Figure 5 
both qualitative and quantitative differences are observed in the evolved RX textures of 
samples A–D since the variety of rolling textures has affected the crystallographic aspect 
of microstructure development during recrystallization annealing conducted at 550 °C. 

Figure 3. Deformation textures after 86% thickness reduction: (a) material A, ODFmax = 9.03, TI = 4.02;
(b) material B, ODFmax = 9.81, TI = 4.29; (c) material C, ODFmax = 6.77, TI = 2.88; (d) material D,
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3.3. Recrystallization Texture

Analysis of ODFs presented in Figures 4 and 5 reveals that the deformation textures
experienced severe transformation during recrystallization. As can be seen in Figure 5
both qualitative and quantitative differences are observed in the evolved RX textures of
samples A–D since the variety of rolling textures has affected the crystallographic aspect of
microstructure development during recrystallization annealing conducted at 550 ◦C.
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The orientation spectrum in the heat-treated materials A–D is mainly distributed along
the α, θ, and η fibres while other components of lower intensity, such as Q and γ-fibre
orientations, are also present in the recrystallized matrix (see Figure 5a–d).

The θ-fibre is dominated by the {001}<100> orientation, whereas the intensity of
ND rotated Cube orientations gradually declines while moving towards the 45◦ rotated
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counterpart (H-component). The same evolutionary pattern is observed along the η-fibre
where the Cube intensity decreases with the degree of rotation around RD.

Figure 6 presents orientation distribution along the α, θ, and η fibres. As can be seen
in Figure 6a, two peaks appeared in the close vicinity of P and Goss orientation in all
investigated materials, while the intensity of other components is relatively weak. Com-
pared to rolled state (Figure 4a), it can be noticed that the intensity of Brass orientation has
drastically dropped (vanished) in the RX materials. This is true for all deformation texture
components and this drastic qualitative texture change is explained by the mechanism of
low stored energy nucleation [7,14,21] when the nuclei of low stored energy (Cube, Goss, P.
etc. [7]) consume the domains of high dislocation density.

Detailed examination of Figures 3, 4, 5 and 6 leads to the following conclusive re-
marks: (i) the deformation texture components of moderate intensities, quite homoge-
neously distributed along the β-fibre, mixed with the weak RD rotated Cube orientations
(Figures 3a,b and 4) induced the evolution of relatively consistent θ-fibre, P and Goss tex-
ture in materials A and B, while in both cases the intensity of {001}<100> was slightly
prevailing over the other θ-fibre counterparts; (ii) the Cube-β-fibre type of rolling texture
(Figures 3c and 4) tended to transform to the Cube dominating RX texture, scattered along
the θ-fibre (Figures 5c and 6), whereas both the Goss and P orientations revealed low
intensities; (iii) in case of strongly developed β-fibre with traces of weak Cube orientation
(Figures 3d and 4), the resulting annealing texture was composed of both moderately de-
veloped {001}<100> and Goss components, as well as weakly evolved P and E orientations
(Figures 5d and 6).

The link between the HB and RX textures is less obvious, however, analysis of ODFs
presented in Figures 2c,d and 5c,d suggests that both high and moderate intensities of
Cube component in the HB induce similar fraction of this orientation in the recrystallized
matrix. This “genetic” link can be explained by experimental observations and numerical
approaches [14,21]. Results of experimental evidence [4] claim that the Cube bands are
located in-between the rolling texture components and serve to produce a strong Cube tex-
ture on annealing. When the HB texture is of low or moderate intensity, the corresponding
RX texture is of equivalent intensity, due to the lack of preferable nucleation sites which
can ensure the predominance of particular orientations.

Apart from the {001}<100> texture, which usually appears in metals with FCC crystal
structure, weak E component, P, Goss, Q ({013}<231>)and ND rotated Cube orientations
tended to evolve in the recrystallized materials A–D (Figure 5a–d). The evolution of these
texture components is governed by various annealing phenomena, which take place at
microstructural heterogeneities induced by the stain mode heterogeneities in the vicinity
of non-deformable particles [2,7,22–24] or in the shear-bands [25]. It should be mentioned
that the local events, such as nucleation within the shear bands or particle stimulated
nucleation [1,2,7,22–24], which occurs in the particle affected deformation zone, have a
great impact on both qualitative and quantitative characteristics of texture evolved during
final annealing. These two mechanisms are responsible for the evolution of Goss, E, P, Q,
and rotated Cube texture orientations [1,2,7,20,22–26].
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The evolution of particular components in the recrystallized matrix can be explained
by combining basic principles of continuum mechanics on the grain level and the mobility
of grain boundaries. Crystal plasticity simulations [27,28] and modeling approaches devel-
oped for RX texture simulation [7,14,21] suggest that the {001}<100> texture is relatively
stable during cold rolling and when the material is exposed to annealing this orientation
nucleates and grows fast due to low stored energy and high mobility of <111>40◦ oriented
boundaries [21]. In plane strain compression, both Cube and Goss reveal the lowest value
of accumulated strain [2,21], and hence, the nucleation occurs via the low stored energy
nucleation mechanism [1]. By considering the dominant strain modes that characterize the
local displacement fields (mixture of shear, compression, and tension [7,20,21]) within the
particle deformation zone and the calculated power dissipation maps [21] for the given
deformation modes, it becomes obvious that the Goss, P, and γ-fibre orientations also be-
long to a low stored energy domain of Euler space. In addition, these components likewise
reveal <111>40◦ orientation relationship with the deformed matrix [14,21]. When it comes
to shear bands, the results of crystal plasticity calculations [25] show that the localized
shear strain tended to produce P and Q orientations in the deformed grains, and therefore,
both texture components can appear in recrystallized materials during the subsequent heat
treatment process.

3.4. Normal and Planar anisotropy

Numerous studies claim [1,12–16,19] that the crystallographic characteristics of mi-
crostructure evolved in a polycrystalline aggregate during TMP induce the anisotropy of
mechanical properties such as yield stress, ductility, or Lankford value, and hence, texture
control during the entire processing is an important technological challenge. The anisotropy
of mechanical properties along the [111], [110] and [100] directions are well documented
for single crystals of cubic crystal structure [1] and this phenomenon is explained by the
mechanism of deformation. The crystallographic orientation of a single crystal tends to
change during the straining depending on the direction of the applied load, whereas the
crystal reorientation is conditioned by the neighbors in the polycrystalline matrix. As a
consequence of the applied strain mode and activated slip system, even an assembly of
randomly oriented crystals will acquire crystallographically preferred texture components,
and thus reveal diverse values of mechanical properties in different directions. In view of
anisotropic behavior, it is of particular relevance to avoid local thinning of sheets subjected
to an arbitrary forming process. The width to thickness reduction ratios (Lankford values),
measured in various directions (xi) with respect to RD appear to show evidence of whether
a given sheet has a suitable deep drawing quality or not [1,2]. In the most general case, the
normal (r ) anisotropy is calculated by the following expression:

r =
1

xn − x0

∫ xn

x0

r(x)dx ≈ 1
2n

(r(x0) + 2r(x1) + 2r(x2) + . . . + r(xn)) (1)

In industrial practice, the r-values are generally measured at xi = 0◦, 45◦, and 90◦ with
respect to RD, and thus the above equation gains the following form:

r =
r(0◦) + 2r(45◦) + r(90◦)

4
(2)

The planar anisotropy (∆r value) is conventionally computed by the following expression:

∆r =
r(0◦)− 2r(45◦) + r(90◦)

2
(3)

Since the r, r, and ∆r values are not normalized (0 ≤ r(xn) ≤ ∞, 0 ≤ r ≤ ∞ and
−∞ ≤ ∆r ≤ ∞), the comparison of two materials becomes complicated and thus employing
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the normalized quantity such as q-value (0 ≤ q(xn) ≤ ∞) is more justified. The correlation
between the r and q values is expressed by Equation (4):

q(xn) =
r(xn)

1 + r(xn)
(4)

To assess the in-plane anisotropy, a simple quantity of ∆q is introduced [12] as the
difference between the maximum (qmax) and minimum (qmin) values:

∆q = qmax − qmin (5)

As an alternative to tensile test measurements, the Lankford profiles can be computed
by employing crystal plasticity models, which enable to assess the anisotropy of plastic
strain ratio in the recrystallized materials. As shown in various literature sources [2,14–16],
the Alamel as well as other Taylor-type homogenization approaches can accurately predict
the plastic yielding profiles for materials with distinct textures. Increasing the value of
normal anisotropy gives rise to improved plastic behavior of materials in the cup drawing
process, which is characterized by the limiting drawing ratio (LDR) [29]:

LDR =

√
exp[(2 f exp(−n))

√
(1 + r)/2]+exp[2n

√
(1 + r)/2]− 1 (6)

where f is the factor of drawing efficiency (f = 0.9 provides a good correlation between the
computed and experimental LDR counterparts [29]) and n is a strain hardening exponent
(n = 0.26 in the current case).

The investigated RX textures (see Figure 5) reveal significant varieties that lead to
diverse Lankford profiles (see Figure 7). Table 1 presents quantitative indicators of plastic
strain ratio, calculated by means of the Alamel model [18,19]. It is obvious that material A
appears to reveal the most appropriate deep-drawing characteristics among the investi-
gated samples (see the LDR values in Table 1). Comparing the plastic anisotropy qualities
by employing conventional r and ∆r values might be somewhat misleading since the
difference between the ∆r-values of materials A and B is quite large (∆r(A) = 0.09 and
∆r(B) = 0.17), whereas this difference is not significant while comparing the corresponding
∆q-values (∆q(A) = 0.05 and ∆q(B) = 0.07). Analysis of Lankford profiles computed for
samples A and B (Figure 7) indicates that the ∆q-value tends to provide a more reason-
able quantity, as compared to ∆r. The effect of HB texture on plastic anisotropy can be
assessed by examining the r- curves presented in Figure 7 since both cold rolling and
subsequent annealing were performed with identical technological parameters. Inasmuch
as the textures of HBs A and B (Figure 2a,b) are weaker in terms of texture intensity, the
corresponding Lankford profiles (Figure 7) revealed less anisotropy (see Table 1) com-
pared to samples C and D. It is also apparent from Figure 7 that the large volume fraction
of {001}<100> component in the hot band (Figure 2c,d) accounted for quite pronounced
in-plane anisotropy.

Table 1. Quantitative characteristics of plastic yielding in the investigated materials A–D.

Material ¯
r ∆r ¯

q ∆q LDR

A 0.72 0.09 0.42 0.05 2.06
B 0.67 0.17 0.40 0.07 2.04
C 0.50 0.43 0.33 0.19 1.97
D 0.63 0.20 0.39 0.11 2.02
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Figure 7. Calculated Lankford profiles for investigated materials A–D based on recrystallization
textures presented in Figure 5. The legend briefly summarizes the HB textures (ASHR stands for the
asymmetrically hot rolled sample with a non-symmetric texture).

In order to clarify the effect of texture components on the planar anisotropy, three
qualitatively distinct (characteristic) texture types (Figure 8) were generated and their
Lankford profiles were calculated by the Alamel model (Figure 9). The Cube texture of
Figure 8a accounted for a symmetric V-shaped profile with a local minimum at 45◦ with
respect to RD. This explains the emerged r-profile in the investigated material C (Figure 7)
with a strongly developed Cube component in the RX matrix. The mixture of Cube and
Goss (Figure 8b) did not significantly improve the average value of plastic strain ratio,
while the degree of in-plane anisotropy has amplified. It is obvious from Figures 8 and 9
that the presence of Goss orientation in the RX matrix rises the r(90◦) value. Randomizing
the texture of Figure 8b by adding the P, Q, and weak E components enhanced the average
r-value, whereas the degree of planar anisotropy improved, compared to the Cube or Cube
and Goss dominating ODFs.

Analysis of quantitative indicators of plastic strain ratio presented in Table 2 as well as
examination of Lankford curves shown in Figure 9 suggest that recrystallized sheets with
the Cube or Cube–Goss type dominating textures are prone to thinning at angles ranging
from 30◦ to 60◦ to RD. Both Figure 9 and Table 2 lead one to the conclusion that the goal of
increasing the r to 1 or even higher with negligible in-plane anisotropy is very challenging,
since the set of conventional texture components appearing after final annealing ensures
quite strong r-profiles. Although the r (or q) and ∆r (or ∆q) values are far from ideal in the
investigated samples A–D, the current study clearly showed that the behavior of a material
during deep drawing can be improved by optimizing the texture evolution in hot rolling.
The proper control of other TMP parameters can further enhance the plastic anisotropy
indicators in Al alloys.
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Table 2. Quantitative indicators of plastic yielding in various texture types shown in Figure 8.

Texture Type ¯
r ∆r ¯

q ∆q

I. Cube 0.42 0.89 0.28 0.41
II. Cube + Goss 0.49 1.29 0.30 0.56

III. Cube, Goss, P, Q, E 0.74 0.32 0.43 0.13

4. Conclusions

Cold rolling induced a relatively homogeneous distribution of texture components
along β-fibre in the weakly textured hot band strips, which primarily revealed negligibly
low (or zero) orientation intensity along the given fibre. This type of deformation texture
triggered recrystallization texture of moderate intensity. The recrystallization textures of
low or moderate intensities tended to ensure relatively flat Lankford profiles with average
r-values ranging between 0.67 and 0.72.

A relatively large fraction of {001}<100> orientation in the hot bands accounted for
the presence of this component in the deformation matrix and finally tended to induce
the evolution of Cube dominating recrystallization texture. Crystal plasticity calculations
indicate that the strongly developed Cube-type annealing textures served to produce strong
V-shaped r-profiles, which are detrimental for deep drawing.

The asymmetrically hot rolled Al strip, characterized by the non-conventional tex-
ture components, and the symmetrically hot rolled counterpart with weakly developed
textures are of particular interest since both can give rise to weak recrystallization tex-
tures in the cold rolled and subsequently annealed sheets, and thus provide enhanced
formability characteristics.
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