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1. Introduction

Recrystallization (Rex) takes place through nucleation and growth. Nucleation during Rex can
be defined as the formation of strain-free crystals, in a high energy matrix, that are able to grow
under energy release by a movement of high-angle grain boundaries. The nucleus is in a
thermodynamic equilibrium between energy released by the growth of the nucleus (given by
the energy difference between deformed and recrystallized volume) and energy consumed by
the increase in high angle grain boundary area. This means that a critical nucleus size or a
critical grain boundary curvature exists, from which the newly formed crystal grows under
energy release. This definition is so broad and obscure that crystallization of amorphous
materials is called Rex by some people, and Rex can be confused with the abnormal grain
growth when grains with minor texture components can grow at the expense of neighboring
grains with main texture components because the minor-component grains can be taken as
nuclei. Here we will present a theory which can determine whether grains survived during
deformation act as nuclei and which orientation the deformed matrix is destined to assume
after Rex. A lot of Rex textures will be explained by the theory.

2. Theories for evolution of recrystallization textures

Rex occurs by nucleation and growth. Therefore, the evolution of the Rex texture must be
controlled by nucleation and growth. In the oriented nucleation theory (ON), the preferred
activation of a special nucleus determines the final Rex texture [1]. In the oriented growth
theory (OG), the only grains having a special relationship to the deformed matrix can pref-
erably grow [2]. Recent computer simulation studies tend to advocate ON theory [3]. This
comes from the presumption that the growth of nuclei is predominated by a difference in
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4 Recent Developments in the Study of Recrystallization

energy between the nucleus and the matrix, or the driving force. In addition to this, the
weakness of the conventional OG theory is in much reliance on the grain boundary mobility.

One of the present authors (Lee) advanced a theory for the evolution of Rex textures [4] and
elaborated later [5,6]. In the theory, the Rex texture is determined such that the absolute
maximum stress direction (AMSD) due to dislocation array formed during fabrication and
subsequent recovery is parallel to the minimum Young’s modulus direction (MYMD) in
recrystallized (Rexed) grains and other conditions are met, whereby the strain energy release
can be maximized. In the strain-energy-release-maximization theory (SERM), elastic anisotro-
py is importantly taken into account.

In what follows, SERM is briefly described. Rex occurs to reduce the energy stored during fabri-
cation by a nucleation and growth process. The stored energy may include energies due to va-
cancies, dislocations, grain boundaries, surface, etc. The energy is not directional, but the
texture is directional. No matter how high the energy may be, the defects cannot directly be re-
lated to the Rex texture, unless they give rise to some anisotropic characteristics. An effect of ani-
sotropy of free surface energy due to differences in lattice surface energies can be neglected
except in the case where the grain size is larger than the specimen thickness in vacuum or an in-
ert atmosphere. Differences in the mobility and/or energy of grain boundaries must be impor-
tant factors to consider in the texture change during grain growth. Vacancies do not seem to
have an important effect on the Rex texture due to their relatively isotropic characteristics. The
most important driving force for Rex (nucleation and growth) is known to be the stored energy
due to dislocations. The dislocation density may be different from grain to grain. Evenin a grain
the dislocation density is not homogeneous. Grains with low dislocation densities can grow at
the expanse of grains with high dislocation densities. This may be true for slightly deformed
metals as in case of strain annealing. However, the differences in dislocation density and orien-
tation between grains decrease with increasing deformation. Considering the fact that strong
deformation textures give rise to strong Rex textures, the dislocation density difference cannot
be a dominant factor for the evolution of Rex textures. Dislocations cannot be related to the Rex
texture, unless they give rise to anisotropic characteristics.

The dislocation array in fabricated materials looks very complicated. Dislocations generat-
ed during plastic deformation, deposition, etc., can be of edge, screw, and mixed types.
Their Burgers vectors can be determined by deformation mode and texture, and their ar-
ray can be approximated by a stable or low energy arrangement of edge dislocations af-
ter recovery. Figure 1 shows a schematic dislocation array after recovery and principal
stress distributions around stable and low energy configurations of edge dislocations,
which were calculated using superposition of the stress fields around isolated disloca-
tions, or, more specifically, were obtained by a summation of the components of stress
field of the individual dislocations sited in the array. It can be seen that AMSD is along
the Burgers vector of dislocations that are responsible for the long-range stress field. The
volume of crystal changes little after heavy deformation because contraction in the com-
pressive field and expansion in the tensile fields around dislocations generated during de-
formation compensate each other. That is, this process takes place in a displacement
controlled system. The uniaxial specimen in Figure 2 makes an example of the displace-
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ment controlled system. When a stress-free specimen S, is elastically elongated by AL by
force F, (Figure 2a), the elongated specimen S; has an elastic strain energy represented by
triangle OAC (Figure 2b). When V in S; is replaced by a stress-free volume V, S; having
the stress free V has the strain energy of OBC (Figure 2b. ) Transformation from the S;
state to the Sy state results in a strain-energy-release represented by OAB (Figure 2b). The
strain-energy-release can be maximized when the S; and S; states have the maximum and
minimum strain energies, respectively. In this case, AMSD is the axial direction of S;, and
the Sy state has the minimum energy when MYMD of the stress-free V is along the axial
direction that is AMSD. In summary, the strain energy release is maximized when AMSD
in the high dislocation density matrix is along MYMD of the stress free crystal, or nu-
cleus. That is, when a volume of V in the stress field is replaced by a stress-free single
crystal of the volume V, the strain energy release of the system occurs. The strain energy
release can change depending on the orientation of the stress-free crystal. The strain ener-
gy release is maximized when AMSD in the high energy matrix is along MYMD of the
stress-free crystal. The stress-free grains formed in the early stage are referred to as nu-
clei, if they can grow. The orientation of a nucleus is determined such that its strain ener-
gy release per unit volume during Rex becomes maximized.
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Figure 1. (a) Schematic dislocation array after recovery, where horizontal arrays give rise to long-range stress field,
and vertical arrays give rise to short-range stress field [7]. Principal stress distributions around parallel edge disloca-
tions calculated based on (b) 100 linearly arrayed dislocations with dislocation spacing of 10b, and (c) low energy ar-
ray of 100 x 100 dislocations. b is Burgers vector and G is shear modulus [8].
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Figure 2. Displacement controlled uniaxial specimen for explaining strain-energy-release being maximized when
AMSD in high dislocation density matrix is along MYMD in recrystallized grain.
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Axy = Axy +Ax} =y PN, +7® PN,

Figure 4. Schematic of two slip planes S, and S, that share common slip direction along x; axis.

We first calculate AMSD in an fcc crystal deformed by a duplex slip of (111)[-101] and (111)
[-110] that are equally active. The duplex slip can be taken as a single slip of (111)[-211], which
is obtained by the sum of the two slip directions. In this case, the maximum stress direction is
[-211]. However, some complication can occur. One slip system has two opposite directions.
The maximum stress direction for the (111)[-101] slip system represents the [-101] direction
and its opposite direction, [1 0-1]. The maximum stress direction for the (111)[-110] slip system
represents the [-110] and [1-1 0] directions. Therefore, there are four possible combinations to
calculate the maximum stress direction, [-101] + [-110] = [-211], [-101] + [1-1 0] = [0-1 1], [1 O-1]
+[-110] = [0 1-1], and [1 O-1] + [1-1 0] = [2-1-1], among which [-211]//[2-1-1] and [0-1 1]//[0 1-1].
The correct combinations are such that two directions make an acute angle. If the two slip
systems are not equally active, the activity of each slip system should be taken into account. If
the (111)[-101] slip system is two times more active than the (111)[-110] system, the maximum
stress direction becomes 2[-101] + [-110] = [-312]. This can be generalized to multiple slip. For
multiple slip, AMSD is calculated by the sum of active slip directions of the same sense and
their activities, as shown in Figure 3. It is convenient to choose slip directions so that they can
be at acute angles with the highest strain direction of the specimen, e.g., RD in rolled sheets,
the axial direction in drawn wires, etc.

When two slip systems share the same slip direction, their contributions to AMSD are reduced
by 0.5 for bcc metals and 0.577 for fcc metals as follows. Figure 4 shows two slip planes, S, and
S,, intersecting along the common slip direction, the x; axis; the x, axis bisects the angle between
the poles of these planes. The loading direction lies within the quadrant drawn between S, and
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S,, and the displacement Ax; along the x; axis at any point P with coordinates (x,,x,x;) is
considered. If shear strains y® and y® occur on the slip system 1 (the slip plane S, and the slip
direction x;) and the slip system 2 (the slip plane S, and the slip direction x;), respectively, then

Ax, =y PN, + %) PN, (1)
where PN, and PN, are normal to the planes S, and S,, respectively. Therefore,
PN,=OP sin(a - f)and PN,=OP sin(a + f3) ()
where OP, a, and g are defined in Figure 4. Therefore,
A, = (Y 172y OP sinacosp + (71 -4y OP cosasing 3)
Because a > and (y + y®) > (y@ - M), the second term of the right hand side is negligible
compared with the first term. It follows from OP cosp =x, that Ax; = (y¥ + @) x, sina. Therefore,

the displacement Ax; is linear with the x, coordinate, and the deformation is equivalent to
single slip in the x; direction on the (™S, + y@S,) plane. The apparent shear strain y, is

v, =axy /2, ~(Y +9%) sing (4)
The apparent shear strains y, on the slip systems 7 are
)/a(i) = y(i)sina (5)
For bee metals, sina = 0.5 (e.g. a duplex slip of (101)[1 1-1] and (011)[1 1-1]) and hence
7 (bec) =055 ©6)
For fcc metals, sina = 0.577 (e.g. a duplex slip of (-1 1-1)[110] and (1-1-1)[110]) and hence
79 (fec)= 057771 @)
The activity of each slip direction is linearly proportional to the dislocation density p on the cor-

responding slip system, which is roughly proportional to the shear strain on the slip system. Ex-
perimental results on the relation between shear strain y and p are available for Cuand Al [9].

If a crystal is plastically deformed by 6¢ (often about 0.01), then we can calculate active slip
systems i and shear strains Y on them using a crystal plasticity model, resulting in the shear
strain rate with respect to strain of specimen, dy® /de. During this deformation, the crystal can
rotate, and active slip systems and shear strains on them change during 6¢. When a crystal

7
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rotates during deformation, the absolute value of shear strain rates |dy" /de| on slip systems
i can vary with strain ¢ of specimen. For a strain up to ¢ =e, the contribution of each slip system
to AMSD is proportional to

7 = J.Oe‘dy(i) /dg‘dg (8)

The above equation is illustrated in Figure 5. If a deformation texture is stable, the shear strain
rates on the slip systems are independent of deformation.

So far methods of obtaining AMSD have been discussed. This is good enough for prediction
of fiber textures. However, the stress states around dislocation arrays are not uniaxial but
triaxial. Unfortunately we do not know the stress fields of individual dislocations in real
crystals, but know Burgers vectors. Therefore, AMSD obtained above applies to real crystals.
Any stress state has three principal stresses and hence three principal stress directions which
are perpendicular to each other. Once we know the three principal stress directions, the Rex
textures are determined such that the three directions in the deformed matrix are parallel to
three <100> directions in the Rexed grain, when MYMDs are <100>. In figure 6, let the unit
vectors of A, B, and C be a [a, a, a5], b [b, b, b3], and ¢ [¢, ¢, ¢;], where g; are direction cosines of
the unit vector a referred to the crystal coordinate system. AMSD is one of three principal stress
directions. Two other principal stresses are obtained as explained in Figure 6.

Figure 5. Calculation of y? for crystal rotation during deformation up to e =e.

Cx A=Y S (one of slip directions nearest to 90° with A)

> A (AMSD)

/C=A><S

Figure 6. Relationship between three principal stress directions A, B, and C.

If the unit vectors a, b, and c are set to be along [100], [010], and [001] after Rex, components
of the unit vectors are direction cosines relating the deformed and Rexed crystal coordinate
systems, when MYMDs are <100>. That is, the (hkl)[uvw] deformation orientation is calculated
to transform to the (I, k, I,)[u, v, w,] Rex orientation using the following equation.
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h, a, a, a;|(h u, a, a, a,|\(u
k,|=|b, b, by|k v, |=|b; b, byl 9)
L c; ¢ o)\ w, ¢, ¢ o3 )\w

It should be mentioned that a is set to be along [100], but b is along [010] or [001] depending
on physical situations and c is consequently along [001] or [010]. The Rex texture can often be
obtained without resorting to the above process because the AMSD//MYMD condition is so
dominant that the Rex texture can be obtained by the following priority order.

The 1st priority: When AMSD is cristallographically the same as MYMD, No texture changes
after Rex [10].

The 2nd priority: When AMSD crystallographically differs from MYMD, the Rex texture is
determined such that AMSD in the matrix is parallel to MYMD in the Rexed grain, with one
common axis of rotation between the deformed and Rexed states. The common axis can be
ND, TD, or other direction (e.g. <110> for bcc metals). This may be related to minimum atomic
movement at the AMSD//MYMD constraints. However, we do not know the exact physical
picture of this.

The 3rd priority: When the first two conditions are not met, the method explained to obtain
Eq. 9 is used.

3. Electrodeposits and vapor-deposits

When the density of dislocations in electrodeposits and vapor deposits is high, the deposits
undergo Rex when annealed. AMSD in the deposits can be determined by their textures. The
density of dislocations whose Burgers vectors are directed away from the growth direction
(GD)of deposits was supposed to be higher than when the Burgers vector is nearly parallel to
GD because dislocations whose Burgers vector is close to GD are easy to glide out from the
deposits by the image force during their growth [11]. This was experimentally proved in a Cu
electrodeposit with the <111> orientation [12]. Therefore, AMSDs are along the Burgers vectors
nearly normal to GD.

3.1. Copper, nickel, and silver electrodeposits

Lee et al. found that the <100>, <111>, and <110> textures (inverse pole figures: IPFs) of Cu
electrodeposits which were obtained from Cu sulfate and Cu fluoborate baths [13,14], and a
cyanide bath [15] changed to the <100>, <100>, and <\310> textures, respectively, after Rex as
shown in Figure 7. The texture fraction (TF) of the (hkl) reflection plane is defined as follows:

1(hkl) /T, (kL)
Y[ 1(kl) /1, (hkl) |

TF (hkl) = (10)

9
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where I(hkl) and I (hkl) are the integrated intensities of (hkl) reflections measured by x-ray
diffraction for an experimental specimen and a standard powder sample, respectively, and
2 means the summation. When TF of any (hkl) plane is larger than the mean value of TFs, a
preferred orientation or a texture exists in which grains are oriented with their (hkl) planes
parallel to the surface, or with their <hkl> directions normal to the surface. When TFs of all
reflections are the same, the distribution of crystal orientation is random. TFs of all the
reflections sum up to unity. Figure 7 indicates that the deposition texture of <100> remains
unchanged after Rex. This is expressed as <100>,—<100>;. All the samples were freestanding
and so subjected to no external external stresses during annnealing. The results are explained
by SERM in Section 2. We have to know MYMD of Cu and AMSDs of Cu electrodeposits.
Young’s modulus E of cubic crystals can be calculated using Eq. 11 [16].
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Figure 7. Deposition and Rex textures of Cu electrodeposits. <hk/>,><uvw=>; means that <hk/> deposition texture
changes to <uvw> Rex texture. For <100>,, Rex peaks are shifted rightward by 1° from their original positions to be
distinguished from deposition peaks. TF data [13] and IPFs [14].

1/E=85;; +[Syy —2(S; _512)](“121“122 + ‘1122‘1123 + ‘1123‘1121) (11)

where S; are compliances and a;; are the direction cosines relating the uniaxial stress direction

x ' tothe symmetry axes x;. When [S,,-2(5,1-51,)] <0, or A=2(5,;-51,)/544>1, (alla12 + a122a123 + a13a11)

= ( yields the minimum Young’s modulus, which is obtained at a,, = a;, = a;; = 0. Therefore,
MYMDs are parallel to <100>. When [5,,-2(5,;-5,,)]>0, or A< 1, the maximum value of

2.2
(afap+apaf +ajat) yields the minimum Young’s modulus, which is obtained at

alzl ”12 al3 1/3 Therefore, MYMDs are parallel to <111>. When [S,,-2(5,;-5,,)]=0,0or A=1, E
is independent of direction, in other words, the elastic properties are isotropic. A is usually
referred to as Zener's anisotropy factor. Summarizing, MYMDs // <100> for A>1, MYMDs//

<111> for A<1, and elastic isotropy for A=1.
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For fcc Cu, 5,,=0.018908, S,, =0.016051, S;, = -0.008119 GPa™ at 800 K [17], which in turn gives
rise to [S44-2(511-51,)] <0, and so MYMDs are <100>. MYMDs and the Burgers vectors of Cu are
along the <100> directions and the <110> directions, respectively. There are six equivalent
directions in the <110> directions, with opposite directions being taken as the same. As already
explained, AMSD is along the Burgers vector which is approximately normal to GD.

For the <100> oriented Cu (simply <100> Cu) deposit, two of the six <110> directions are at 90°
and the remaining four are at 45° with GD, as shown in Figure 8. The two <110> directions,
which is AMSD, change to the <100> directions after Rex, resulting in the <100> Rex texture
(Figure 8b) in agreement with the experimental result.

For the <111> Cu deposit, three of the six <110> directions are at right angles with the [111] GD;
the remaining three <110> directions are at 35.26° with GD, as shown in Figure 9 a. The former
three <110> directions, AMSD, can change to <100> after Rex, but angles between the <110> di-
rections are 60° and the angle between the <100> directions is 90°. Correspondence between the
<110> directions in as-deposited grains and the <100> directions in Rexed grains is therefore im-
possible in a grain. Two of the <110> directions in neighboring grains, which are at right angles
with each other, can change to the <100> directions to form the <100> nuclei in grain bounda-
ries, which grow at the expense of high energy region, as shown in Figure 9b. Thus, the <111>
deposition texture change to the <100> Rex texture, in agreement with the measured result.

W <1 oo>l
\‘ <100>
growth direction b

Figure 8. Drawings explaining that <100> deposition texture (a) remains unchanged after Rex (b).

<111 > <111 >

grain boundary

Figure 9. (a) <110> directions in <111> oriented fcc crystal in which arrow indicates [111] growth direction. (b) Draw-
ings for explanation of <111> deposition to <100> Rex texture transformation.
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[011]

Figure 10. directions in [110] oriented fcc crystal.

For the <110> Cu deposit, one <110> direction is normal to the <110> GD and the remaining
four <110> directions are at 60° with the <110> GD, as shown in Figure 10. The first one of the
<110> directions and the last four <110> directions are likely to determine the Rex texture
because the last four directions are closer to the deposit surface than to GD. Recalling that the
<110> directions change to <100> directions after Rex, GD of Rexed grains should be at 60° and
90° with the <100> directions, MYMD, at the same time. GD satisfying the condition is 310>,
in agreement with the experimental results.

So far we have discussed the evolution of the Rex textures from simple deposition textures. A
Cu deposit whose texture can be be approximated by a weak duplex texture consisting of the
<111> and <110> orientations developed the Rex texture which is approximated by a weak
<V310> orientation rather than <100> + <¥310> [18]. For the duplex deposition texture, the Rex
texture may not consist of the Rex orientation components from the deposition orientation
components because differently oriented grains can have different energies. The tensile
strengths of copper electrodeposits showed that the tensile strength of the specimens with the
<110> texture was higher than those with the <111> texture obtained from the similar electro-
deposition condition. This implies that the <110> specimen has the higher defect densities than
the <111> specimen [18,19]. Therefore, the <110> grains are likely to have higher driving force
for Rex than the <111> grains, resulting in the <Y310> texture after Rex, in agreement with
experimental result [18].

For Ni, 5,,=0.009327, S,, = 0.009452, S, =-0.003694 GPa" at 760 K [20], which in turn gives rise
to [54-2(S11-S1p)] < 0, and so MYMDs are <100>. Therefore, the deposition to Rex texture
transformation of Ni electrodeposits is expected to be similar to that of Cu electrodeposits. As
expected, freestanding Ni electrodeposits of 30-50 pm in thickness showed that the <100>
deposition texture remained unchanged after Rex, and the <110> deposition texture changed
to <V310> after Rex [21].

For Ag, S;= 0.03018, S,, = 0.02639, S;, = -0.0133 GPa! at 750 K [17], which in turn gives
[544-2(511-512)] <0, and so MYMDs are <100>. Therefore, the deposition to Rex texture trans-
formation of freestanding Ag electrodeposits is expected to be similar to that of Cu electrode-
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posits. Figure 11 shows four different deposition and corresponding Rex textures of Ag
electrodeposits. Samples a, b, and c shows results similar to Cu electrodeposits, except that
minor <221> component, which is the primary twin component of the <100> component in the
Rex textures, is stronger than that of Cu deposits. The strong development of twins in Ag is
due to its lower stacking fault energy (~22 mJm™) than that of Cu (~80 mJm™).

ilein;i;yz l;\;els: levels: levels: levels:
AL ,3,4- % 2,4,6,8,10 123 1,1.5,2,25,3
max .. max. 11.6 T max. 3.2

max. 3.6

100 Ti0 100 o 100 10 100 110
A 2355658 11 11 .
1.5,2,2.5,3, 8,5V1/0 ’11 E; 1’3 ) 1,1.3,1.6,1.9,2.2 2,3.2,4.4,5.6,6,
3.54,4.5 45 max.2.5 ?68219'2’
max.4.5 . .
max 14.7 max.10.8

100 110 100 110 100 110 100 110

Figure 11. Deposition (top) and Rex (bottom) textures (IPFs) of Ag electrodeposits [22].

The deposition texture of Sample d was well described by 0.32<112> + 0.14<127>; + 0.25<113>
+0.23<557>1 + 0.06<19 19 13> with each of individual orientations being superimposed with
a Gaussian peak of 8°. Here <127>; indicates the twin orientation of its preceeding <112>
orientation, and TT indicates secondary twin. Thus, the main components in deposition texture
of Sample d are <112>, <113>, and <557>. The <110> directions that are nearly normal to GD
will be AMSD and in turn determine the Rex texture. Table 1 gives angles between <110> and
[11w]. Table 1 shows that the probability of <110> directions being normal to GD is the highest.
The <110> directions normal to GD will become parallel to the <100> directions (MYMS) after
Rex. Therefore, the Rex texture will be the <100> orientation for the same reason as in the <111>
orientation of the deposit [22].

3.2. Chromium electrodeposits

Table 2 shows TFs (Eq. 10) of Cr electrodeposits obtained under three electrodeposition
conditions. Specimen Cr-A has a strong <111> fiber texture. The texture of Cr-B is characterized
by weak <111>, and that of Cr-C is by weak <100>. The optical microstructure and hardness
test results and others indicated that all the specimens were fully Rexed at 1173 K. TFs as
functions of annealing temperature and time in Figure 12 indicate that the deposition texture
of Cr-A little change after Rex. The pole figures in Figures 13 and 14 indicate the deposition
textures of Cr-B and Cr-C little change after Rex. In conclusion, the <100> and <111> deposition
textures of Cr electrodeposits little change after Rex. These results are compatible with SERM
as discussed in what follows. There are four equivalent <111> directions in bcc Cr crystal, with
opposite directions being taken as the same. For the <111> Cr deposit, one of four <111>

13
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directions is along GD and the remaining three <111> directions are at an angle of 70.5° with
GD (Figure 15). The remaining three <111> directions can be AMSDs. They will become parallel
to MYMDs of Rexed grains. The compliances of Cr are S,, =0.00314, S,,=0.0101, S,,=-0.000567
GP1 at 500 K [23], which lead to [S,-2(5,1-S1,)] > 0. Therefore, MYMDs of Cr are <111>, which
are also AMSDs of the deposit. Therefore, the <111> and <100> textures of Cr deposits do not
change after Rex, as can be seen from Figure 15, in agreement with experimental results.

110 -110 101 -101 011 0-11
557 447 90 315 81.8 315 81.8
112 54.7 90 30 73.2 30 73.2
113 64.8 90 315 64.8 31.5 64.8

Table 1. Angles between <110> and [11w] directions (°)

(110) (200) (211) (220) (310) (222) Texture
Cr-A 0.02 0.05 0 0 0 0.93 Strong <111>
Cr-B 0.03 0.15 0.28 0 0.01 0.53 <111>
Cr-C 0.19 0.47 0.13 0.05 0.13 0.03 <100>

Table 2. Texture fractions (TF) of reflection planes of Cr electrodeposits A, B, and C [14]. Bold-faced numbers indicate
highest TFs in corresponding deposits.

1.0 —— 1.0 : :
"/./‘/’%'—‘\‘
0.8/ ] 0.8
S o6 5
S .o | = %1 —=— (110
g e (200) @ —e—(200)
o 044 s (211) A "q_) 0.4 —a—(211) |
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Figure 12. TFs of Cr-A as functions of annealing (a) temperature for 1 h and (b) time at 903 K [14].

3.3. Copper and silver vapor-deposits

Patten et al. [24] formed deposits of Cu up to Imm in thickness at room temperature in a triode
sputtering apparatus using a krypton discharge under various conditions of sputtering rate,
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Figure 13. (200) pole figures of Cr-B (left) before and (right) after annealing at 1173 K for 1 h [14].
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Figure 14. (200) pole figures of Cr-C (left) before and (right) after annealing at 1173 Kfor 1 h [14].

gas purity, and substrate bias. The 3.81 cm diameter target was made from commercial grade
OFHC forged Cu-bar stock containing approximately 100 ppm oxygen by weight with only
traces of other elements. The substrates were 2.54 cm diameter by 6.2 mm thick disks made of
OFHC Cu. These disks were electron beam welded to a stainless-steel tube to provide direct
water-cooling for temperature control during sputtering. As-deposited grains were approxi-
mately 100 nm in diameter. Room-temperature Rex and grain growth displaying no twins
were observed approximately 9 h after removal from the sputtering apparatus. Nucleation
sites were almost randomly distributed. Hardness of the unrecrystallized matrix remained at
~230 DPH from the time it was sputtered until Rex, when it abruptly dropped to approximately
60 DPH in the Rexed grains. Rex resulted in a texture transformation from the <111>deposition
texture to the <100> Rex texture. Since the substrate is also Cu, the orientation transition from
<111> to <100> cannot be attributed to thermal strains. The driving force for Rex must be the
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internal stress due to defects such as vacancies and dislocations. Therefore, the texture
transition is consistent with the prediction of SERM.

growth direction

[111] [001]
< [m—

Figure 15. Thin arrows (AMSDs) and thick arrows (GD) in [111] and [001] Cr crystals.

Greiser et al. [25] measured the microstructure and texture of Ag thin films deposited on
different substrates using DC magnetron sputtering under high vacuum conditions (base
pressure: 10® mbar, partial Ar pressure during deposition: 10° mbar). A weak <111> texture
in a 0.6 um thick Ag film deposited on a (001) Si wafer with a 50 nm thermal SiO, layer at room
temperature becomes stronger with increasing thickness. It is generally accepted that arandom
polycrystalline structure is obtained up to a critical film thickness unless an epitaxial growth
condition is satisfied. Therefore, the <111> texture developed in the 0.6 pm film was weak and
became stronger with increasing thickness. This is consistent with the preferred growth model
[26]. They also found that the texture of the film deposited at room temperature was "high
<111>", whereas the texture of the film deposited at 200 °C was characterized by a low amount
of the <111> component and a high amount of the random component. This is also consistent
with the preferred growth model.

Post-deposition annealing was carried out in a vacuum furnace at 400 °C with a base pressure
of 10° mbar, a partial H, pressure of 10 mbar, and under environmental conditions. The post-
deposition grain growth was the same for annealing in high vacuum and in environmental
conditions. A dramatic difference in the extent of growth was recognized in the micrographs
of the 0.6 and 2.4 um thick films. The 0.6 um thick film showed normally grown grains with
the <111> orientation; the average grain size was about 1 to 2 um. This can be understood in
light of the surface energy minimization. In contrast, in 2.4 pm thick films, abnormally large
grains with the <001> orientation were found. These grains grew into the matrix of <111> grains.
The grain boundaries between the abnormally grown grains have a meander-like shape unlike
the usual polygonal shape. They could not explain the results by the model of Carel, Thomson,
and Frost [27]. According to the model, the strain energy minimization favors the growth of
<100> grains. The growth mode should be affected by strain and should not be sensitive to the
initial texture. These predictions are at variance with the experimental results in which
freestanding, stress-free films also showed abnormal growth of giant grains with <001> texture.
The 2.4 pm thick films deposited at 100 °C or below could have dislocations whose density
was high enough to cause Rex, which in turn gave rise to the texture change from <111> to
<001> regardless of the existence of substrate when annealed, as explained in the previous
section. Thus, the <111> to <100> texture change in the 2.4 um thick films is compatible with
SERM [28].
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4. Axisymmetrically drawn fcc metals

It is known that the texture of axisymmetrically drawn fcc metals is characterized by major
<111> + minor <100> components, and the drawing texture changes to the <100> texture after
Rex [29,30]. Figure 16 shows calculated textures in the center region of 90% drawn copper wire
taking work hardening per pass into account. The drawing to Rex texture transition was
explained by SERM [4]. Since the drawing texture is stable, we consider the [111] and [100] fcc
crystals representing the <111> and <100> fiber orientations constituting the texture. Figure
17 shows tetrahedron and octahedron consisting of slip planes (triangles) and slip directions
(edges) for the [111] and [100] fcc crystals. The slip planes are not indexed to avoid complica-
tion. The slip-plane index can be calculated by the vector product of two of three slip directions
(edges) of a triangle constituting the slip-plane triangle. It follows from Figure 17a that three
active slip directions that are skew to the [111] axial direction are [101], [110], and [011]. It
should be noted that these directions are chosen to be at acute angles with the [111] direction
(Section 2). Therefore, AMSD // ([101] + [110] + [011]) = [222] // [111]. That is, AMSD is along
the axial direction. According to SERM, AMSD in the deformed matrix is along MYMD in the
Rexed grain. MYMDs of most of fcc metals are <100>. Therefore, the <111> drawing texture
changes to the <100> Rex texture. Now, the evolution of <100> Rex texture in the <100>
deformed matrix is explained. Eight active slip systems in fcc crystal elongated along the [100]
direction are calculated to be (111)[1 0-1], (-111)[101], (1-1 1)[110], (1 1-1)[1-1 O], (111)[1-1 0],
(-111)[110], (1-1 1)[10-1], and (1 1-1)[101], if the slip systems are {111}<110> [32]. It is noted that
the slip directions are chosen to be at acute angles with the [100] axial direction. These slip
systems are shown in Figure 17 b. AMSD is obtained, from the vector sum of the active slip
directions, to be parallel to [100], which is also MYMD of fcc metals. Therefore, the <100>
drawing texture remains unchanged after Rex (1st priority in Section 2), and the <111>+ <100>
orientation changes to <100> after Rex, regardless of relative intensity of <111> to <100> in the
deformation texture. The <100> grains in deformed fcc wires are likely to act as nuclei for Rex.
The texture change during annealing might take place by the following process. The <100>
grains retain their deformation texture during annealing by continuous Rex, or by recovery-
controlled processes, without long-range high-angle boundary migration. The <100> grains
grow at the expense of their neighboring <111> grains that are destined to assume the <100>
orientation during annealing.

111

Max. 5.1 Max. 8.4 Max. 9.1

4 passes 8 passes 10 passes

Max. 9.4
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100 110 contour level:1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Figure 16. Calculated IPFs in centeral axis zone of Cu wire drawn by 90% in 14 passes (~15% per pass) through coni-
cal-dies of 92 in half-die angle, taking strain-hardening per pass into count [31].
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[101] 011]
a [T10]
Figure 17. Tetrahedron and octahedron representing slip planes (triangles) and directions (edges) in [111] and [100]
fiber oriented fcc crystals. Thick arrows show (a) [111] and (b) [100] axial directions.

4.1. Silver

Cold drawn Ag wires develop major <111> + minor <100> at low reductions (less than about
90%) as do other fcc metals, whereas they exhibit major <100>+ minor <111> at high reductions
(99%) as shown in Figure 18 [32]. This result is in qualitative agreement with that of Ahlborn
and Wassermann [33], which shows that the ratio of <100> to <111> of Ag wires was higher at
100 and -196°C than at room temperature. They attributed the higher <100> orientation to Rex
and mechanical twinning, because Ag has low stacking fault energy. They suggested that the
<111> orientation transformed to the <115> orientation by twinning, which rotated to the <100>
orientation by further deformation.

The hardness of deformed Ag wires as a function of annealing time at 250 and 300 °C indicated
that Rex was completed after a few min. This was also confirmed by microstructure studies
[32]. Figure 18 shows the annealing textures of drawn Ag wires of 99.95% in purity, which
shows that drawing by 61 and 84% and subsequent annealing at 250 °C for 1 h gives rise to
nearly random orientation. Ag wires with the <111> + <100> deformation texture develop Rex
textures of major <100> and minor <111>, or major <100> +its twin component <122>and minor
<111>. The almost random orientation can be seen in Figures 19 d. Figure 20 shows the IPFs of
99% drawn 99.99% Ag wire annealed at 600 “C for 1 min to 200 h. Their microstructures showed
that the specimen annealed at 600 °C for 1min is almost completely Rexed. The specimen has
major <100> + minor <111> as the specimens annealed at 300 °C. After annealing at 600 °C for
3min, some grains showed abnormal grain growth (AGG), indicating complete Rex, and the
intensity of <100> component increased. However, as the annealing time incresed, the
orientation density ratio (ODR) of <111> to <100> increased, accompanied by grain growth. It
is noted that the annealing texture is diffuse at the transient stage from <100> to <111> (5 min
in Figure 20 and Figure 19d). The <100> to <111> transition is associated with AGG in low
dislocation-density fcc metals, which has been discussed in [31,32]. The Rex results before AGG
lead to the conclusion that the Rex texture of the heavily drawn Ag wires is <100> regardless
of relative intensity of <111> and <100>, as expected from SERM.

4.2. Aluminum, copper, and gold

Axisymmetrically extruded Al alloy rod [34], drawn Al wire [30] and Cu and some Cu alloy
wires [29] generally have major <111> + minor <001> double fiber textures in the deformed
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Figure 18. IPFs of (a) 61, (b) 84, (c) 91, and (d) 99% drawn Ag wires (initial texture: random) of 99.95% in purity (top)
before and (bottom) after annealing at 250 °C for 1 h [32].

Figure 19. IPFs of 99.99% pure Ag wires (a) drawn by 90% and (b) annealed at 300 °C for 1 h; (c) drawn by 99% and
(d) annealed at 300 °C for 1 h [32].

Figure 20. IPFs of 99.99% Ag wire drawn by 99% and annealed at 600 °C for 1-12000 min [32].

state. Park and Lee [35] studied drawing and annealing textures of a commercial electrolytic
tough-pitch Cu of 99.97% in purity. A rod of 8mm in diameter, whose microstructure was
characterized by equiaxed grains having a homogeneous size distribution, was cold drawn by
90% reduction in area in 14 passes through conical dies of 9° in half-die-angle with about 15%
reduction per pass. The drawing speed was 10 m/min. The drawn wire was annealed in a salt
bath at 300 or 600 °C and in air, argon, hydrogen or vacuum (< 1x10* torr) at 700 °C for various
periods of time. Figure 21 shows orientation distribution functions (ODFs) for the 90% drawn
Cu wire. The drawing texture can be approximated by a major <111> + minor <100> duplex
fiber texture. The orientation density ratio of the <111> to <100> components is about 2.6. The

orientation densities were obtained by averaging the f(g) values on the [¢,=0-90°, ®=0°,
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@,~45°] line representing the <100> fiber texture and the [0-90°,55°,45°] line representing <111>
in the @,=45° section of ODF. When annealed at 300 and 600 °C, the specimen developed
textures of major <100> + minor <111> as expected from SERM. However, after annealing at
700 °C for 3 h, the grain size is so large that the ODF data consist of discrete orientations and
the density of the <100> orientation is reduced while the density around the <1 11.7> orientation
increases drastically. This is due to AGG and not discussed here. Wire drawing undergoes
homogeneous deformation only in the axial center region, textures of the center regions were
measured using electron backscatter diffraction (EBSD). The EBSD results are shown in Figure
22. The center region of the as-drawn specimen develops the major <111> + minor <100> fiber
duplex texture as expected for axisymmetric deformation. The texture of the center region is
similar to the gloval texure in Figure 21 because the deformation in wire drawing is relatively
homogeneous. The annealing textures obtained at 700 °C is not the primary Rex texture.
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Figure 21. ODFs of 90% drawn Cu wire (a) before and after annealing at (b) 300, (c) 600, (d) 700 °C for 3 h, measured
by X-ray [35].
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Figure 22. IPFs for center regions of 90% drawn Cu wires after annealing at 300 and 700°C [35].
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Figure 23. ODR of <100>to <111> of 90% drawn Cu wire vs. annealing time at 700°C [35].
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Figure 24. Grain size and volume fraction of ® 0 <111>and a A <100> grains in Au wire vs. annealing time at 300 °C
(solid symbols) and 400 °C (open symbols) [36].

Figure 23 shows ODR of <100> to <111> of the 90% drawn Cu wire as a function of annealing
time at 700 °C. The ratio increases very rapidly up to about 1.8 after annealing for 180 s,
wherefrom it decreases and reaches to about 0.3 after 6 h. The increase in the ratio indicates
the occurrence of Rex and the decrease indicates the texture change during subsequent grain
growth, that is, AGG. A similar phenomenon is observed in drawn Ag wire during anneal-
ing (Figure 20).

Cho et al. [36] measured the drawing and Rex textures of 25 and 30 um diameter Au wires
of over 99.99% in purity, which had dopants such as Ca and Be that total less than 50 ppm
by weight. The Au wires were made by drawing through a series of diamond dies to an ef-
fective strain of 11.4.

Figure 24 shows the grain size and the volume fraction of the <111> and <100> grains as a
function of annealing time at 300 and 400 °C. These values are based on EBSD measure-
ments. The aspect ratio of grain shape was in the range of 1.5 - 2, which is little influenced
by annealing time and temperature [36]. The grain growth occurs in whole area of the wire
and is more rapid at 400 °C than at 300 °C as expected for thermally activated motion of
grain boundaries. The volume fraction of the <111> grains decreases and that of the <100>
grains increases with annealing time when Rex takes place, as expected from SERM.

5. Plane-strain compressed fcc metallic single crystals

5.1. Channel-die compressed {110}<001> aluminum single crystal

The annealing texture of single-phase crystals of Al-0.05% Si of the Goss orientation
{110}<001> deformed in channel-die compression was studied by Ferry et al. [37]. In the
channel-die compression, the compression and extension directions were <110> and <001>
directions, respectively. Their experimental results showed that, even after deformation to a
true strain of 3.0 which is equivalent to a compressive reduction of 95%, the original orienta-
tion was maintained as shown in Figure 25a. Figure 25b shows one (110) pole figure typical
of a deformed crystal after annealing at 300 °C for 4 h. The comparison of Figures 25a and
25b suggests that the annealing texture is essentially the same as the deformation texture.
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They also reported that even after 90% reduction and annealing for up to 235 h, the orienta-
tion was the same as that of the as-deformed crystal. For deformed specimens electropolish-
ed and annealed for various temperatures between 250 and 350 °C, no texture change took
place before and after annealing, although grains which had different orientations were
sometimes found to grow from the crystal surface after very long annealing treatments. For
samples deformed over the true strain range of 0.5 to 3.0 in their work, annealing at a given
temperature resulted in similar microstructural evolution. They called the phenomenon dis-
continuous subgrain growth during recovery. They stated that crystals of an orientation
which was stable during deformation were generally resistant to Rex. This statement cannot
be justified in light of single crystal examples in Sections 5.2 to 5.4.

Figure 25. pole figures for 95% channel-die compressed Al single crystal (a) before and (b) after annealing at 300 °C
for 4 h. (Contour levels: 2,5, 11, 20, 35, 70 x random) [37].

The result was discussed based on SERM [38]. The (110)[001] orientation is calculated by the full
constraints Taylor-Bishop-Hill model to be stable when subjected to plane strain compression.
The active slip systems for the (110)[001] crystal are calculated to be (111)[0-1 1], (111)[-101],
(-1-1 1)[011], and (-1-1 1)[101], whose activities are the same. It is noted that all the slip direc-
tions are chosen so that they can be at acute angle with the maximum strain direction [001].
AMSD is [0-1 1] +[-101] +[011] + [101] =[004]//[001], which is MYMD because [S,4-2(5,,-5,)] <0
from compliances of Al [39]. When AMSD in the deformed state is parallel to MYMD in Rexed
grains, the deformation texture remains unchanged after Rex (1st priority in Section 2).

5.2. Aluminum crystals of {123}<412> orientations

Blicharski et al. [40] studied the microstructural and texture changes during recovery and Rex
in high purity Al bicrystals with S orientations, e.g. (123)[4 1-2]/(123)[-4-1 2] and (123)[4 1-2]/
(-1-2-3)[4 1-2], which had been channel-die compressed by 90 to 97.5% reduction in thickness.
The geometry of deformation for these bicrystals was such that the bicrystal boundary, which
separates the top and bottom crystals at the midthickness of the specimen, lies parallel to the
plane of compression, i.e. {123} and the <412> directions are aligned with the channel, and the
die constrains deformation in the <121> directions. The annealing of the deformed bicrystals
was conducted for 5 min in a fused quartz tube furnace with He + 5%H, atmosphere. The tex-
tures of the fully Rexed specimens were examined by determining the {111} and {200} pole fig-
ures from sectioned planes at 1/4, 1/2 and 3/4 specimen thickness. This roughly corresponds to
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the positions at the midthickness of the top crystal, the bicrystal boundary, and the midthick-
ness of the bottom crystal, respectively. The deformation textures of the two bicrystals, (123)[4
1-2]/(123)[-4-1 2] and (123)[4 1-2]/(-1-2-3)[4 1-2], channel-die compressed by 90%, are repro-
duced in Figure 26. The initial orientation of the component crystals is also indicated in these
pole figures. The annealing textures are shown in Figure 27. As Bricharski et al. pointed out, the
Rex textures of the fully annealed bicrystal specimens do not have 40° <111>rotational orienta-
tion relationship with the deformation textures (compare Figures 26 and 27). Lee and Jeong
[41] dicussed the Rex textures based on SERM. The slip systems activated during deformation
and their activities (shear strains on the slip systems) must be known. Figure 28 shows the ori-
entation change of crystal {123}<412> during the plane strain compression. Comparing the cal-
culated results with the measured values in Figure 28, the measured orientation change during
deformation seems to be best simulated by the full constraints strain rate sensitivity model.
Figure 29 shows the calculated shear strain increments on active slip systems of the (123)[4 1-2]
crystal as a function of true thickness strain, when subjected to the plane strain compression.
The experimental deformation texture is well described by (0.1534 0.5101 0.8463)[0.8111 0.4242
-0.4027], or (135)[2 1-1], which is calculated based on the full constraints strain rate sensitivity
model with m =0.01. The reason why the measured deformation texture is simulated at the re-
duction slightly lower than experimental reduction may be localized deformation like shear
band formation occurring in real deformation. The localized deformation might not be reflect-
ed in X-ray measurements. The scattered experimental Rex textures may be related to the non-
uniform deformation. Now that the shear strains on active slip systems are known, we are in
position to calculate AMSD. For a true thickness strain of 2.3, or 90% reduction, the y values
(Eq. 8) of the (111)[1 0-1], (111)[0 1-1], (1-1 1)[110], (1-1-1)[110], (1-1 1)[011], and (1-1-1)[101] slip
systems calculated using the data in Figure 29 are proportional to 2091, 776, 1424, 2938, 76, and
139, respectively. The contributions of the (1-1 1)[011] and (1-1-1)[101] slip systems are negligi-
ble compared with others. Therefore, the (111)[1 0-1], (111)[0 1-1], (1-1 1) [110], and (1-1-1)[110]
systems are considered in calculating AMSD. Itis noted that all the slip directions are chosen so
that they can be at acute angle with RD, [0.8111 0.4242 -0.4027]. AMSD is calculated as follows:

209[10 —1]+776[0 1—-1]+ 1424 x 0.577[110] + 2938 x 0.577[110] =[4608 3293 —2867]/ /[0.7259 0.5187 — 0.4516]unit vector (12)

where the factor 0.577 originates from the fact that the slip systems of (1-1 1)[110] and (-111)
[110] share the same slip direction [110] (Eq. 7). Two other principal stress directions are
obtained as explained in Figure 6. Possible candidates for the direction equivalent to S in Figure
6 are the [011], [101], and [1-1 0] directions, which are not used in calculation of AMSD among
six possible Burgers vector directions. The [011], [101], and [1-1 0] directions are at 87.3, 78.8
and 81.6°, respectively, with AMSD. The [011] direction is closest to 90° (Figure 30). The
directions equivalent to B and C in Figure 6 are calculated to be [-0.0345 0.6833 0.7294] and
[0.6869 -0.5139 0.5139] unit vectors, respectively. In summary, OA, OB, and OC in Figure 30,
which are equivalent to A, B, and C, are to be parallel to the <100> directions in the Rexed
grain. If the [0.7259 0.5187 -0.4516], [0.6869 -0.5139 0.5139] and [-0.0345 0.6833 0.7294] unit
vectors are set to be parallel to [100], [010] and [001] directions after Rex (Figure 30), compo-
nents of the unit vectors are direction cosines relating the deformed and Rexed crystal
coordinate axes. Therefore, ND, [0.1534 0.5101 0.8463], and RD, [0.8111 0.4242 -0.4027], in the
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deformed crystal coordinate system can be transformed to the expressions in the Rexed crystal

coordinate system using the following calculations (refer to Eq. 9):

0.7259  0.5187 —0.45161[0.1534 —0.0062
0.6869 —-0.5139 0.5139 | 0.5101 |=| 0.2781 (13)
—0.0345 0.6833 0.7294 || 0.8463 0.9606

0.7259 05187 -0.45161 0.8111 0.9907
0.6869 —0.5139 0.5139 || 0.4242 |=| 0.1322 (14)
—0.0345 0.6833 0.7294 || —0.4027 | |-0.0319

0 (123)[412] — DO 23)[412] 0 (123)[412] _— 0O (123)[412]
5

contour level :1, 5,15,

Figure 26. pole figures for 90% channel-die compressed Al crystals of {123}<412> orientations [40]. A/B indicates bi-
crystal composed of A and B crystals. @ ~{135}<211>; m ~{011}<522>.

(123)[412] ml — (123)[412] m2

(123)[412] ml — (123)[412] w3 (123)[412]ml — (123)[412]m3
contour level : 0.5, 1,2,3,4,8

Figure 27. pole figures of 90 and 95% channel-die compressed Al bicrystals after annealing at 125 and 185 °C for 5
min [40]. m SERM-calculated Rex orientations: m1 (-0.0062 0.2781 0.9606)[0.9907 0.1322 -0.0319]; m2 (-0.0062
0.2781 0.9606)[-0.9907 -0.1322 0.0319]; m3 (0.0062 -0.2781 -0.9606)[0.9907 0.1322 -0.0319] [41].
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0 (123)[412] 0 (123)[412] 0 (123)[412] 0(123)[412]
measured orientation of 90% = calculated orientation rotation
compressed crystal

Figure 28. Orientation rotations of {123}<412> crystals during plain strain compression by 90% [41].
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Figure 29. Calculated shear strain rate with respect to thickness reduction of 0.01, dy’/de,;, on active slip systems of
(123)[4 1-2] crystal as a function of true thickness strain, €5 [41].
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Figure 30. Orientation relations in deformed and Rexed states. Subscripts d and r indicate deformed state and Rexed
state, respectively.

The calculated result means that the (0.1534 0.5101 0.8463)[0.8111 0.4242 -0.4027] crystal, which
is obtained by the channel die compression by 90% reduction, transforms to the Rex texture
(-0.0062 0.2781 0.9606)[0.9907 0.1322 -0.0319]. Similarly, crystals deformed by channel die
compression from (123)[-4-1 2] and (-1-2-3)[4 1-2] orientations transform to (-0.0062 0.2781
0.9606)[-0.9907 -0.1322 0.0319] and (0.0062 -0.2781 -0.9606)[0.9907 0.1322 -0.0319], respectively,
after Rex. The results are plotted in Figure 27 superimposed on the experimental data. It can

be seen that the calculated Rex textures are in good agreement with the measured data.
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5.3. Aluminum crystal of {112}<111> obtained by channel-die compression of (001)[110]
crystal

Butler et al. [42] obtained a {112}<111> Al crystal by channel-die compression of the (001)[110]
single crystal. The (001)[110]orientation is unstable with respect to plane strain compression,
to form the (112)[1 1-1] and (112)[-1-1 1] orientations as shown in Figure 31a. The Rex texture
produced after annealing at 200 °C was a rotated cube texture (Figure 31b). Lee [43] analyzed
the result based on SERM. Figure 32 shows shear strains/extension strain on slip systems of 1
to 6 as a function of rotation angle about TD [-110] of the (001)[110] fcc crystal obtained from
the Taylor-Bishop-Hill theory. The contribution of the slip systems to the deformation is
approximated to be proportional to the area under the shear strains y on slip systems i /
extension strain - rotation angle 0 curve in Figure 32. The area ratio becomes

(7 ® 4. j;o /3o - ff /)46 =30:3:20.6 (15)

All the slips may not occur on the related slip systems uniformly in a large single crystal. Some
regions of the crystal may be deformed by 1, 3, and 5 slip systems, while some other regions
A (112)[111]

by 2, 4, and 6 slip systems.
112)[111] \
@ (001)[/610]
W (001)[—/610]
O (100)[041]
A (100)[041]

Figure 31. (a) (111) pole figure of Al single crystal with initial orientation (001)[110] after 70% reduction by channel-
die compression; (b) (111) pole figure of measured Rex texture (contours), (100)[0-4 1], and (100)[041] [42]. (001)[+/6
-1 0] and (001)[-/6 -1 0] are calculated by SERM [43].

A (001)[110]

%

For the contribution of the former three slip systems to the crystal deformation, AMSD is
obtained by the vector sum of the [1 0-1], [0-1-1], and [110] directions whose contributions are
assumed to be proportional to the area ratio obtained earlier (30 : 3 : 20.6). The vector sum is
shown in Figure 33. The resultant direction passes through point E, which divides line BC by
a ratio of 1 to 2. Thus, AMSD // AE // [3 1-2]. Another high stress direction equivalent to S in
Figure 6 is BD, or [-110] which is not used in calculation of AMSD among possible Burgers
vectors. The [-110] direction is not normal to AMSD. The direction that is at the smallest
possible angle with the [-110] direction and normal to AMSD must be on a plane made of
AMSD and the [-110] direction. The plane normal is obtained to be the [112] direction by the
vector product of AMSD and the [-110] direction, which is equivalent to C in Figure 6. The
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Figure 32. Shear strains on slip systems of 1 to 6 as a function of rotation angle about TD [-110] of (001)[110] crystal
[43].
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Figure 33. Vector sum of slip directions D [1 0-1], @ [0-1-1], and & [110] assuming that their activities are propor-
tional to 30:3:20.6 (Eqg. 15).

direction that is equivalent to B in Figure 6 is calculated to be [2-4 1] by the vector product of
AMSD [3 1-2] and [112]. Thus, the [3 1-2], [2-4 1], and [112] directions become parallel to <100>
in the Rexed grains.

If the directions [3 1-2], [2-4 1], and [112], whose unit vectors are [3/N14 1/N14 -2/N14], [221 -4/
V21 1A/21], and [1/N6 16 2/16], respectively, are set to be parallel to [100], [010] and [001]
directions in the Rexed crystal, components of the unit vectors are direction cosines relating
the deformed and Rexed crystal coordinate axes (Eq. 9). Therefore, ND, [112], and RD, [1 1-1],
in the deformed crystal coordinate system can be transformed to the expressions in the Rexed
crystal coordinate system using the following calculation:

3/V14 1/J14 -2/414] 119 [r0 3/ia 1/41d -2/¥ia] 1] |16
2/§21 -4/y21 1/y21 {1 0| and |2/421 -4/421 1/421 {1] {_1]

0

1/J6  1/J6 2/ 121 1/d6  1/¥6  2/46 * 1

Therefore, the (112)[11-1] deformation texture transforms to the (001)[ V6-1 0] Rex texture. Simi-
larly, from the (111)[0 1-1], (-1-1 1)[-1 0-1], and (-1 1-1) [110] slip systems, another AMSD AF, or
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the [1 3-2] direction, can be obtained. In this case, the (112)[1 1-1] deformation texture trans-
forms into the (001)[-V6 -1 0] Rex texture. The {001}<\6 1 0> orientation has a rotational relation
with the {001}<100> orientation through 22° about the plane normal. The calculated Rex texture
is superimposed on the measured data in Figure 31b. The calculated results are in relatively
good agreement with the measured data. Itisnoted that Figure 32 does not represent the correct
strain path during deformation. Therefore, there is a room to improve the calculated Rex tex-
ture. The Rex textureis at variance with the {001}<100>Rex texture in polycrystalline Aland Cu.

5.4. Copper crystal of (123)[-6-3 4] in orientation rolled by 99.5% reduction in thickness

Kamijo et al. [44] rolled a (123)[-6-3 4] Cu single crystal reversibly by 99.5% under oil lubrica-
tion. The (123)[-6-3 4] orientation was relatively well preserved up to 95%, even though the
orientation spread occurred as shown in Figure 34a. However, the crystal rotation proceeded
with increasing reduction. A new (321)[-4 3 6] component, which is symmetrically oriented to
the initial (123)[-6-3 4] with respect to TD, developed after 99.5% rolling as shown in Figure
34b. It is noted that other two equivalent components are not observed. The rolled specimens
were annealed at 538 K for 100 s to obtain Rex textures. In the Rex textures of the crystals rolled
less than 90%, any fairly developed texture could not be observed, except for the retained
rolling texture component. They could observe a cube texture with large scatter in the 95%
rolled crystal and the fairly well developed cube orientation in the 99.5% rolled crystal after
Rex as shown in Figure 34c. They concluded that the development of cube texture in the single
crystal of the (123)[-6-3 4] orientation was mainly attributed to the preferential nucleation from
the (001)[100] deformation structure. The cube deformation structure was proposed to form
due to the inhomogeneity of deformation. Lee and Shin [45] explained the textures in Figure
34 based on SERM. Figure 35 shows dy¥/de,; with de;; = 0.01, on active slip systems i as a
function of ¢, for the (123)[-6-3 4] crystal, which was calculated by the de¢,; and de,; relaxed
strain rate sensitive model (m = 0.02) with the subscripts 1, 2, and 3 indicating RD, TD, and
ND. The changes in dy%/de,; depending on ¢;; indicate that the (123)[-6-3 4] orientation is
unstable with respect to the plane strain compression. A part of the (123)[-6-3 4] crystal,
particularly the surface layers where de,; is negligible due to friction between rolls and sheet,
seems to rotate to the {112}<111> orientation. A part of the {112}<111> crystal further rotates to
(321)[-436] with increasing reduction. This is why (321)[-436] has lower density than (123)[-6-3
4] along with weak {112}<111>. The orientation rotation is shown in Figure 35b. Since important
components in the deformation texture are (123)[-6-3 4], (321)[-436], and {112}<111>, their Rex
textures are calculated using SERM. If the (123)[-6-3 4] orientation is stable, dy®/de;; on the
active slip systems do not vary with strain. It follows from Fig. 35a that dy¥/de,; on C, ], M,
and B are 0.014, 0.01, 0.007, and 0.003, respectively, at zero strain. Therefore, AMSD is 0.014
[-101] +0.01x0.577 [-1-1 0] + 0.007 x0.577 [-1-1 0] + 0.003 [0-1 1] =[-0.02381 -0.01281 0.017], where
the factor 0.577 originates from the fact that the duplex slip systems of (1-1 1)[-1-10] and (-111)
[-1-10] share the same slip direction (Figure 4). The [-0.02381 -0.01281 0.017] direction, or the
[-0.745 -0.401 0.532] unit vector, will be parallel to one of the <100> directions, MYMDs of Cu,
after Rex. Orientation relationship between the matrix and Rexed state is shown in Figure
36a, which is obtained as explained in Figure 6. The Rex orientation of the (123)[-6-3 4] matrix
is calculated as follows:
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-0.745 -0.401 0.532 ||1 0.049 -0.745 -0.401 0.532 /-6 7.801
0.069 0.747 0.660 |[2|=| 3.543 | and | 0.069 0.747 0.660 ||-3|=|- 0.017
-0.663 0529 -0.529"'3" '-1.192 -0.663 0529 -0.529''4 -0.275

Figure 34. pole figures for (123)[-6-3 4] Cu single crystal after rolling by (a) 95%, (b) 99.5%, and (c) 99.5% and subse-
quent annealing at 538 K for 100 s [44]. A(123)[-6-3 4]; A(321)[-436]; @(112)[-1-1 1]; 0 (112)[11-1]; (001)[100].
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Figure 35. (a) Shear strain rates dy/de;, with de;;=0.01 vs. &, on active slip systems (C, J, M, B) and (b) (111) pole figure
showing orientation rotation from {123}<634> to {112}<111> [45].
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Figure 36. a) Orientation relationship between deformed (4) and Rexed (,) states and (b) (111) pole figures of © (0 3-1)

[100] and O (001)[100] orientations. Contours were calculated assuming Gaussian scattering (10°) of (0 3-1)[100] and
(001)[100] components with their density ratio being 2:1 [45].
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The calculated Rex orientation is (0.049 3.543-1.192)[7.801-0.017-0.275] = (0 3-1)[100]. Similarly
the (321)[-436] crystal is calculated to have slip systems of (111)[-101], (111)[-110], (-1-1 1)[011],
and (-1 1-1)[011], on which the shear strain rates at de;;=0 are 0.014, 0.003, 0.01, and 0.007,
respectively. The (321)[-436] is calculated to transform to the (-0.049 3.543-1.192)[7.801 0.017
-0.275] = the (0 3-1)[100] Rex texture. This result is understandable from the fact that the (0 3-1)
[100] orientation is symmetrical with respect to TD as shown in Figure 36b and the deformation
orientations, (123)[-6-3 4] and (321)[-436], are also symmetrical with respect to TD as shown in
Figure 35b. The {112}<111> rolling orientation to the {001}<100>Rex orientation transformation
is discussed based on SERM in Section 6.1.

According to the discussion in Section 6.1, if the cube oriented regions are generated during
rolling, they are likely to survive and act as nuclei and grow at the expense of neighboring
{112}<111> region during annealing because the region tend to transform to the {001}<100>
orientation to reduce energy. The grown-up cube grains will grow at the expense of grains
having other orientations such as the {123}<634> orientation, resulting in the {001}<100> texture
after Rex, even though the Cu orientation is a minor component in the deformation texture.
Meanwhile, the main S component in the deformation texture can form its own Rex texture,
the near (0 3-1)[100] orientation. In this case, the Rex texture may be approximated by main
(001)[100] and minor (0 3-1)[001] components. Figure 36b shows the texture calculated
assuming Gaussian scattering (half angle=10°) of these components with the intensity ratio of
(001)[100]: (0 3-1)[001] = 2 : 1. It is interesting to note that the cube peaks diffuse rightward
under the influence of the minor (0 3-1)[100] component in agreement with experimental result
in Figure 34c.

6. Cold-rolled polycrystalline fcc metals and alloys

6.1. Cube recrystallization texture

The rolling texture of fcc sheet metals with medium to high stacking fault energies is known
to consist of the brass orientation {011}<211>, the Cu orientation {112}<111>, the Goss orienta-
tion {011}<100>, the S orientation {123}<634>, and the cube orientation {100}<001>. The fiber
connecting the brass, Cu, and S orientations in the Euler space is called the {3 fiber. Major
components of the plane-strain rolling texture of polycrystalline Al and Cu are known to be
the Cu and S orientations. The Rex texture of rolled Al and Cu sheets is well known to be the
cube texture. The 40°<111> orientation relationship between the S texture and the cube texture
has been taken as a proof of OG, and has made one believe that the S orientation is more
responsible for the cube Rex texture. OG is claimed to be associated with grain boundary
mobility anisotropy. However, experimental data indicate that the Cu texture is responsible
for the cube texture. For an experimental result of Table 3, the deformation texture is not
strongly developed below a reduction of 73% and its Rex texture is approximately random.
At a reduction of 90%, a strong Cu texture is obtained and its Rex texture is a strong cube
texture. For 95% cold rolled Al-0 to 9%Mg alloy after annealing at 598K for 0.5 to 96 h, the
highest density in the Cu component in the deformation texture and the highest density in the
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cube component in Rex textures were observed at about 3% Mg (Figure 37). This implies that
the Cu component is responsible for the cube component. However, these cannot prove that
the Cu texture is responsible for the cube texture because deformation components with the
highest density are not always linked with highest Rex components [47].

Changes in orientation densities of 95% rolled Cu during annealing at 400 to 500 °C (Figure
38), 95% rolled AA8011 Al alloy during annealing at 350 °C (Figure 39a), and 95% rolled
Fe-50%Ni alloy during annealing at 600°C (Figure 39b), and 95% rolled Cu after heating to 150
to 300°C at a rate of 2.5 K/s followed by quenching showing that the Cu component disappears
most rapidly when the cube orientation started to increase [52]. These results imply that the
Cu component is responsible for the cube Rex texture. Rex is likely to occur first in high strain
energy regions. It is known that the energy stored in highly deformed crystals is proportional
to the Taylor factor (Xdy®/de; with y and ¢; being shear strains on slip systems k and strains
of specimen, respectively). The Taylor factor is calculated to be 2.45 for the cube oriented fcc
crystal using the full constraints model, 3.64 for the Cu oriented fcc crystal using the ¢,; relaxed
constraints rate sensitive model, 3.24 for the S oriented fcc crystal using the ¢,3 and ¢,; relaxed
constraints rate sensitive model, and 2.45 for the brass orientation using the ¢, and ¢,; relaxed
constraints rate sensitive model. In the rate sensitive model calculation, the rate sensitivity
index was 0.01 and each strain step in rolling was 0.025. The measured stored energies for
99.99% Al crystals channel-die compressed by a strain of 1.5 showed that the Cu oriented
region had higher energies than the S oriented region [53]. The Taylor factors and the measured
stored energies indicate that the driving force for Rex is higher in the Cu oriented grains than
in the S oriented grains. Therefore, the Cu component in the deformation texture is more
responsible for the cube Rex texture than the S component.

Rolling reduction Brass Copper Goss S Cube
Rolling texture 58% 3.6 2.6 1.1 14 0.6
73% 2.8 3.0 0.9 1.1 1.1
90% 0.7 5.7 0.1 0.7 1.3
Rex texture 58% 2.1 1.4 1.0 1.3 1.2
73% 1.8 1.5 1.3 1.4 2.1
90% 0.2 0.8 0.2 0.4 20.0

Table 3. Texture component strength of high purity OFE copper [46]

The copper to cube texture transition was first explained by SERM [4], and elaborated later
[54]. The orientations of the (112)[1 1-1] and (123)[6 3-4] Cu single crystals remain stable in the
center layer for all degree of rolling [55]. The Cu orientation (112)[1 1-1] is calculated to be
stable by the ¢,; relaxed constraint model [56,57]. For the (112)[1 1-1] crystal, the active slip
systems are calculated by the RC model to be (-1 1-1)[110], (1-1-1)[110], (111)[1 0-1], and (111)
[0 1-1], on which shear strain rates are the same regardless of reduction ratio. Almost the same
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Figure 37. Effect of Mg content on (a) densities of {112}<111>,{123}<634>,and {110}<112> orientations in Al-Mg alloys
coldrolled by 95% and on (b) density of {001}<100> orientation in specimens annealed at 598 Kfor 0.5, 4,and 96 h [48].
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result is obtained by &3, €,; relaxed constraints rate sensitive model [54]. The slip directions
are chosen to be at acute angles with RD (Section 2). To calculate AMSD, the active slip systems
are weighted by the shear strain rates on them. AMSD is calculated to be [0 1-1] +[1 0-1] +0.577
x 2[110] = 2 [1 1-1]. Here the factor 0.577 is related to the fact that the slip direction [110] is
shared by the (-1 1-1) and (1-1-1) slip planes (Eq. 7). The [1 1-1] direction is equivalent to A in
Figure 6. S becomes [1-1 0] because it is one of slip directions nearest to 90° with A. In fact. S
is normal to A, so S becomes B and C = AxB = [-1-1-2]. Since MYMDs are <100>, the Rex
orientation is calculated using Eq. 9 to be (0 0-1)[100], which is equivalent to (001)[100]. In
conclusion, the (112)[1 1-1] deformation texture is calculated to change to the (001)[100] Rex
texture.

The above calculation indicates that the Cu orientation tends to turn into the cube orientation
during annealing. In order for the transformation to occur, the cube oriented nuclei are needed,
whether they may be generated from the deformed matrix or already existing cube bands. In
order for the cube bands to be nuclei, they must be stable during annealing. The cube orien-
tation (001)[100] is calculated by the full constrains method to be metastable with respect to
plane strain compression, with active slip systems being (111)[1 0-1], (1 1-1)[101], (1-1-1)[101],
and (1-1 1)[1 0-1] on which the shear strain rates are the same. If cube oriented grains survive
after rolling, they must have undergone the plane strain compression with the slip systems.
Therefore, AMSD is [1 0-1] + [101] + [101] + [1 0-1] = [400] // [100]. This is MYMD of Cu. Since
AMBSD is the same as the MYMD, the cube texture is expected to remain unchanged whether
Rex or recovery (1* priority in Section 2).

SERM does not tell us how the cube oriented nuclei form. If the cube oriented grains survived
during rolling, they are likely to survive and act as nuclei and grow at the expense of neigh-
boring Cu oriented grains during annealing, because the Cu oriented grains tend to transform
to the cube orientation. The grown up cube grains will grow at the expense of grains having
other orientations such as the S and brass orientations, resulting in the cube texture after Rex.
This discussion applies to other fcc metals with high stacking fault energy (SFE).

6.2. Goss recrystallization texture

The evolution of rolling textures in copper alloys depends strongly on their SFEs. A continuous
transition from the copper orientation to the brass orientation tends to occur with increasing
content of alloying elements or decreasing SFE. However, Mn can be dissolved in copper up
to 12 at.% without significantly changing SFE unlike various Cu alloys [58]. Engler [59,60]
studied the influence of Mn on the deformation and Rex behavior of Cu-4 to 16%Mn alloys,
as this should yield a clear separation of the effects caused by the changes in SFE from those
due to other factors. It is particularly interesting that the alloys develop a deformation texture
in which the density of the brass orientation can be higher than the densities of the copper
orientation and the S orientation despite the fact that SFEs of the alloys are almost the same as
that of pure Cu. The brass orientation is obtained in many Cu alloys with low SFEs, which is
well known to transforms to the {236}<385> orientation. However, the Cu-Mn alloys do not
develop the {236}<385> orientation after Rex. The texture transformation cannot be well
explained by 40° <111> relation between the deformation and Rex textures.
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Figure 40. B-fiber intensity lines of Cu-4%Mn, Cu-8%Mn, and Cu-16%Mn alloys after rolling reductions from 50 to
97.5% [59].
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Figure 41. pole figures of (a) Cu-4%Mn, (b) Cu-8%Mn, and (c) Cu-16%Mn alloys after complete Rex (97.5% rolling,
annealing for 1000 s at 450 °C) [60].
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Figure 42. Orientation density ratios (ODR) among brass B, S, and copper C components in rolling texture (Figure 40)
as a function of Mn concentration in Cu-Mn alloy [61].
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Figure 40 shows the orientation densities f(g) along the p-fiber of Cu-4%Mn, Cu-8%Mn, and
Cu-16%Mn alloys after rolling reductions of 50 to 97.5%. The figure indicates that with
increasing Mn content and rolling reduction the brass orientation tends to dominate the rolling
texture. The brass orientation in the Cu-Mn alloys is particularly interesting because the
transformation of the orientation to the Rex texture will not be complicated by twinning as in
low SFE alloys. Figure 41 shows {111} pole figures of the three Cu-Mn alloys rolled by 97.5%
after complete Rex by annealing for 1000 s at 450 °C. In Cu-4%Mn the texture maximum lies
in the cube-orientation. In Cu-8%Mn the texture maximum has shifted from the cube orienta-
tion to an orientation which can be approximated by the {013}<100> orientation. In Cu-16%Mn
the texture maximum is in the Goss orientation. The orientation density ratios among the
copper, S, and brass components in the rolling texture are shown in Figure 42. The density
ratio of the brass to S component increases from about 1 to 2, the density ratio of the S to copper
component increases from about 5 to 8, and the density ratio of the brass to copper component
increases from about 5 to 18 with increasing Mn content from 4 to 16% in the Cu- Mn alloy.
The density ratio of the S to copper and that of the brass to copper component are lowest in
4%Mn and highest in 16%Mn.
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Figure 43. dy/de,, (de,,=0.01) vs. &, curves on active slip systems of (a) (111)[0-1 1] and (-1-1 1)[101] of (110)[1-1 2]
crystal and of (b) J (1-1-1)[110], B (111)[0 1-1], M (-1 1-1)[110], and C (111)[1 0-1] of (123)[6 3-4]. Values of dy/de,, on
B, M, J, and Care 0.003, 0.006, 0.01, and 0.014, respectively, at £,,=0 [61].
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Figure 44. {110}<112> rolling and {110}<001> Rex textures of Cu-1% P alloy [62].
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Comparison of the Rex textures with the corresponding deformation textures indicates that
the brass component in the deformation texture seems to be responsible for the Goss compo-
nents in the Rex texture. In what follows, the Rex textures are discussed based on SERM
[61]. In order to find which component in the rolling texture is responsible for the Goss Rex
texture, the brass rolling texture is first examined because it is the highest component in the
deformation texture of Cu-16% Mn alloy, which changed to the Goss texture when an-
nealed. When fcc crystals with the (110)[1-1 2] orientation are plane strain compressed along
the [110] direction and elongated along the [1-1 2] direction, the relation between the strain
&1, of specimen and shear strain rates dy/de;; on active slip systems was calculated by the ¢,
and ¢,; relaxed strain rate sensitive model. Figure 43a shows the calculated results, which
indicate that active slip systems are (111)[0-1 1] and (-1-1 1)[101] and their shear strain rates
do not vary with strain of specimen indicating that the brass orientation is stable with re-
spect to the strain. It is noted that the active slip directions were chosen to be at acute with
the [1-1 2] RD. Thus, AMSD = [0-1 1] + [101] = [1-1 2] is the same as RD.

According to SERM, AMSD is parallel to MYMD of Rexed grain, the <100> directions in fcc
metals. Therefore, the Rexed grains will have the (hk0)[001] orientation. The 2nd priority in
Section 2 gives rise to the (110)[001] orientation because the (110) plane is shared by the de-
formed and Rexed grains. That is, the (110)[1-1 2] rolling texture transforms to the (110)[001]
Rex texture. Similarly, for the (011)[2-1 1] crystal, equally active slip systems of (111)[1-1 0]
and (1-1-1)[101] are obtained. Therefore, the (011)[2-1 1] rolling texture is calculated to trans-
form to the (011)[100] Rex texture. It is concluded that the Goss Rex texture is linked with
the brass rolling texture. The Goss orientation is stable with respect to plane strain compres-
sion and thermally stable (Section 5.1). Therefore, the Goss grains that survived during roll-
ing are likely to act as nuclei during subsequent Rex and will grow at the expense of
surrounding brass grains which are destined to change to assume the Goss orientation.

Figure 44 shows the rolling and Rex textures of Cu-1% P alloy sheet. The {110}<112> rolling
texture changes to the (110)[001] texture after Rex. This is another example of the transition
from the {110}<112> rolling texture to the {110}<001> Rex texture as explained in the Cu-16%
Mn alloy.

6.3.{031}<100> recrystallization texture

In Section 5.4 the (123)[-6-3 4] rolling to (031)[100] Rex orientation transformation was
discussed. Here we discuss the {123}<634> rolling to {031}<100>Rex orientation transformation.
Figure 43b shows the shear strain rates as a function of strain for the (123)[6 3-4] crystal, which
was calculated by the ¢;; and ¢y; relaxed strain rate sensitive model. The figure indicates that
the S orientation is not stable with respect to the strain. Therefore, we calculate AMSD using
the shear strain rates of 0.014, 0.01, 0.006 (0.007 was used in Section 5.4), and 0.003 at zero strain
on the C, J, M, and B active slip systems (Figure 43b). AMSD is 0.014 [10-1] + 0.01 x0.577 [110]
+0.006 x 0.577 [110] +0.003 [0 1-1] =[0.023 0.0122 -0.017], where the factor 0.577 originates from
the fact that the (1-1 1) and (1-1-1) slip planes share the [110] slip direction (Eq. 7). The [0.023
0.0122-0.017] AMSD is parallel to the [0.7397 0.3924 —0.5467] unit vector. Following the method
explained in Figure 6, we obtain Figure 45. Therefore, the (123)[6 3-4] rolling orientation is
calculated to transform to the Rex texture as explained in Eq. 9. The calculated results are as
follows:
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0.7397 03924 -0.5467\|1} [-0.1156| [0.7397 0.3924 -0.5467|[ 6 7.8
0.0812 0.7545 0.6513 (|2]=| 3.5441 | [0.0812 0.7545 0.6513 || 3 |=(0.1455
0.6684 -0.5263 0.5263 ''3" '1.1947 ' '0.6684 -0.5263 0.5263 ''-4' '0.3263

The calculated result means that rolled fcc metal with the (123)[6 3-4] orientation transforms
to (-0.1156 3.5441 1.1947)[7.8 0.1455 0.3263] = (-1 31 10)[54 1 2] after Rex. For polycrystalline
metals, the {123}<634> deformation texture transforms to the {-0.1156 3.5441 1.1947}<7.8 0.1455
0.3263> = {1 31 10}<54 1 2> Rex texture. The Rex texture is shown in Figure 46a. If the {-0.1156
3.5441 1.1947}<7.8 0.1455 0.3263> orientations are expressed as Gaussian peaks with scattering
angle of 10°, the Rex texture is very well approximated by the {310}<001> texture as shown in
Figure 46b. This texture is similar to Figure 27 which shows the Rex texture of the plane strain
compressed {123}<412> crystal.

[011] B [0.0812 0.7545 0.6513] , //[001],

96.3°

[0.7397 0.3924 -0‘.5&67](1//[100]r

C [0.6684 -0.5263 0.5263] 4 //[010],

Figure 45. Orientation relationship between deformed and Rexed states [61].
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+ (01156 -3.5441 1.1947)[7.8000 -0.1455 0.3263] [
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Figure 46. (a) (111) pole figure of {0.1156 3.5441 1.1947}<7.8 0.1455 0.3263> =~ {1 31 10}<54 1 2>. (b) Sum of {0.1156
3.5441 1.1947}<7.8 0.1455 0.3263> expressed as Gaussian peaks with scattering angle of 10°. Calculated orientation
can be approximated by {310}<001> [61].

It is noted that the highest density component in the deformation texture does not always
dominate the Rex texture. All the components in the deformation texture are not in equal
position to nucleate and grow the corresponding components in the Rex texture. The brass
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component has the highest density, but has lowest stored energy or the Taylor factor, while
the copper component has the lowest density, but has the highest stored energy or the Taylor
factor. If grains with the Goss or cube orientation survived during rolling, they must have
undergone plane strain compression. They could undergo recovery and act as nuclei for Rex
during annealing. This is the reason why the cube Rex texture could be obtained even though
the copper component is the least in the deformation texture. When other conditions are the
same, the higher relative density component in the deformation texture will give rise to the
higher density in the corresponding component in the Rex texture, as shown in the highest
relative copper component in the deformation texture yielding the highest cube component in
the Rex texture in the Cu-4%Mn alloy among the three Cu-Mn alloys.

7. Plane-strain compressed {110}<001> bcc steel crystal

The Goss orientation {110}<001> in about 3% Si steel has been the subject of speculation due to
its scientific and technological points of view. The grain oriented Si steel is made by hot rolling,
cold rolling, followed by annealing. The Goss texture is formed near the sheet surface layer
rolled in the a phase region at elevated temperatures. The friction between the sheet and rolls
tends to increase with increasing temperature, and in turn increases the shear deformation and
the Goss texture (Figure 47).

7.1. Thermal stability of Goss orientation formed by shear deformation

During hot rolling, Rex can take place, thereby the Goss orientation may change to a different
orientation. Lee and Lee [64] obtained an IF steel specimen with only the shear texture by a
multi- layer warm rolling and discussed the evolution of its Rex texture. The material used
was a hot rolled 3.2 mm thick IF steel sheet. The hot-rolled sheet was cold-rolled to 1.1 mm in
thickness in several passes. Four of the 1.1mm thick sheet were stacked, heated at 700 °C for
30 min and rolled by 70% in the ferrite region without lubrication. The rolled specimen was
quenched into 25 °C water. Each layer was separated from the warm rolled sheet. In order to
obtain a uniform shear texture, the surface layer was thinned from the inner surface to a half
thickness by chemical polishing. The thinned surface and center layers were annealed at 750
°C for 1 hin Ar atmosphere.

The measured (110) pole figures and ODFs of the outer and inner surfaces of the 75% warm-
rolled surface layer were similar. The similarity indicates that the texture of the layer is
uniform. The texture was approximated by the Goss orientation plus minor {112}<111>. The
center layer was similar to the typical texture of cold rolled steel sheet, RD//<110> and ND//
{111}(Section 8). The surface texture could also be described as that which is obtained when
the center layer texture is rotated through 35° about TD. The measured textures were similar
to the calculated textures in Figure 47. The textures of the chemically thinned rolled surface
layer and the center layer after annealing at 750 °C for 1 h showed that the texture of the surface
layer was almost the same before and after annealing while the center layer underwent a
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texture change after annealing. Microstructures and hardness tests of the surface layer before

and after annealing indicated Rex occurring after annealing [64].

Maximum 7.2

Contour: 1234567

Maximum 10.4
Contour 12345678910

Figure 47. Deformed FEM meshes in rolling and calculated (110) pole figures of layers A and E. In FEM calculation,
flow characteristics of IF steel 0 = 500£%2°¢ MPa, roll diameter of 310 mm, initial sheet thickness of 3.4 mm, and reduc-
tion of 70% were used [63].
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Figure 48. Rotation rate dw/de;;about TD//<110> with respect to &, for bcc crystal [64].

de;/de, vy y? v v

0.5 1.225 1.225 0.245 0.245
1.0 1.225 1.225 1.120 1.120
1.2 1.225 1.225 1.466 1.466
V2 1.225 1.225 1.837 1.837
1.5 1.225 1.225 1.986 1.986

Table 4. Shear strain on each slip system as a function of de,s/de,, [64].
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The unchanged texture in the surface layer after annealing can be explained based on SERM.
AMSD is obtained from the slip systems activated during deformation. On the basis of the
Taylor-Bishop-Hill theory, the (110)[001] orientation is calculated to be stable at e15/€n=N2
(Figure 48), and active slip systems for the (110)[001] crystal is calculated to be 1 (0-1 1)[111],
2 (-101)[111], 3 (110)[-111], and 4 (110)[1-1 1]. The shear strain on each slip system calculated
as a function of ¢;5/¢;; is given in Table 4. The shear strains on slip systems 1 and 2 do not
change, but those on slip systems 3 and 4 increase with increasing ¢,5/¢;;. The slip systems 1
and 2 are effectively equivalent to the (-1-1 2)[111] system, and the slip systems 3 and 4 are
equivalent to the (110)[002] system. AMSD may be parallel to y*?[111]+y®4[002] with y*? and
v being shear strains on slip systems 1 and 2 and slip systems 3 and 4, respectively. Even
though the (110)[001] orientation is stable at &,5/¢,;=V2, in real rolling the ¢,,/¢,, value is small
in the entrance region, increases very rapidly up to a maximum value just ahead of the neutral
point, and then decreases in the exit region. The slip systems having the higher shear strain
give dominant contribution to AMSD. As shown in Table 4, slip systems 3 and 4 are likely to
give dominant contribution to AMSD. Therefore, AMSD is likely to be parallel to the [001]
direction, which is also MYMD. Therefore, the Goss orientation is likely to remain unchanged
after annealing in agreement with the experimental result (1* priority in Section 2). Another
reason for the thermal stability of shear deformation textures is described in [65].

7.2. Plane-strain compressed {110}<001> bcc metals

The (110)[001] orientation of bcc metals is calculated to be metastable with respect to plane
strain compression (Figure 48), with active slip systems being (-1 0-1)[-1-1 1], (1 0-1)[111], (0-1-1)
[-1-1 1], and (0 1-1)[111], on which the shear strain rates are the same. It is noted that the slip
directions are chosen to be at acute angles with the [001] direction (Section 2). The two slip
directions, [-1-1 1] and [111], are on the (-110) plane, which can be a slip plane in bcc crystals.
Therefore, AMSD is [-1-1 1] + [111] =[002] // [001]. This is also MYMD of iron. Since the AMSD
is the same as MYMD), if the Goss oriented crystal survives the plane-strain compression, the
Goss texture is likely to remain unchanged during annealing according to SERM (1% priority
in Section 2).

7.3. Evolution of Goss recrystallization texture from {111}<112> rolling texture

The Goss orientation, which is not stable with respect to plane strain deformation, rotates
toward the {111}<112> orientation forming a strong maximum [66]. The relaxed constraints
Tayor model, in which shear strains parallel to RD may occur, causes the formation of the
{111}<112> orientation [67]. The {111}<112> rolling component is known to lead to the Goss
orientation after Rex [66, 68]. Dorner et al. [68] attributed the transition from the {111}<112>
deformation texture to the Goss Rex texture to the fact that the Taylor factor (2.4) of the Goss
grains is lower than that (3.7) of the {111}<112> matrix. Dorner et al. [69], in their study with
3.2% Si-steel single crystals, also found two types of Goss crystal volumes in 89 % cold-rolled
specimen. Most of the Goss crystal regions are situated inside of shear bands. The Goss crystal
volumes are also observed inside of microbands. These Goss crystals may act as nuclei because
they are thermally stable (Section 7.2).
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The evolution of the Goss orientation in the (111)[1 1-2] component, a {111}<112>, has been
explained by SERM [70]. Slip systems of (-1-1 0)[-1 1-1], (-1-1 0)[1-1-1], (101)[1 1-1], and (011)
[11-1] are calculated, by the relaxed constraints Taylor model, to be equally active in the (111)
[11-2] crystal undergoing the plane strain compression. It is noted that the three slip directions
are chosen to be at acute angles with RD [1 1-2] of the crystal. Taking the (101)[1 1-1] and (011)
[1 1-1] slip systems sharing the same slip direction [1 1-1] into account, AMSD is [-1 1-1] +
[1-1-1] + [1 1-1] = [1 1-3]. According to SERM, this AMSD [1 1-3] becomes parallel to MYMD,
the <100> directions in bec iron, in Rexed crystals. Other directional relationships between the
matrix and Rexed crystal can be obtained from the 2™ priority in Section 2. Let one of the <100>
directions be the [001] direction, then it must be on the (100), (010) or (110) plane, taking the
symmetry condition into account. TD of the (111)[1 1-2] crystal is the [1-1 0] direction. These
facts give rise to orientation relationship between the deformed and Rexed states (Figure 49).
It is noted that the [1-1 0] direction is TD of both the deformed and Rexed states. It follows that
the (111)[1 1-2] orientation becomes the (441)[1 1-8] orientation after Rex. The symmetry yields
another equivalent orientation, (441)[-1-1 8]. The (110) pole figure of the {441}<118> orientation
is shown in Figure 50a along with the Goss orientation {110}<001>. The {441}<118> orientation
is deviated from the Goss orientation by 10°. If each {441}<118> orientation is represented by
the Gauss type scattering with a half width angle of 12°, the calculated result is as shown in
Figure 50b, which is in very good agreement with the measured data in Figure 50c, where the
highest intensity poles are the same as those of the Goss orientation, even though it is not real
Goss orientation. It is also interesting to note that the rotation angle between (111)[1 1-2] and
(441)[1 1-8] about a common pole of [110] is calculated to be 25°and the rotation angle between
(111)[1 1-2] and (110)[001] about a common pole of [110] is 35°. Thus the {111}<112> matrix can
favor the growth of Goss-oriented crystals or nuclei, which are stable during annealing, if any,
or may generate Goss-oriented nuclei, especially in polycrystalline materials.

[332], //[110],

TD//[110], //[110], AMSD//[113], // MYMD //[001],

Figure 49. Orientation relationship between deformed (,) and recrystallized (,) states.
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Figure 50. pole figures for (a) {110}<001> and {441}<118> orientations (@(110)[0 0-1], m(441)[1 1-8], A(4 4-1)
[-1-1-8]) [70], (b) Gaussian function of {441}<118> with half width of 12° and /..,=11 [70], and (c) Si steel specimen
Rexed for 1 min at 980 °C [66].

8. Cold-rolled polycrystalline bcc metals

It is well known that the rolling texture of bcc Fe is characterized by the a fiber (<110>//RD)
plus the y-fiber (<111>//ND) and the rolling texture is replaced by the y-fiber after Rex (Figure
51). This texture transformation will be discussed based on SERM. Figure 52 shows ODFs of
50, 80, and 95% cold-rolled IF steel sheets and their Rex textures, which indicate that the
deformation textures are approximated by the & and vy fibers and the Rex texture by the v fiber,
as well known. As the deformation increases, peak type orientations tend to form. For the 80
and 95% cold rolled specimens, the {665}<110>, {558}<110>, and {001}<110> orientations
develop as the main components. The {665}<110> and {558}<110> orientations may be approxi-
mated by the {111}<110> and {112}<110> orientations, respectively. The {001}<110> component
is the principal component inherited from the hot band. It is stable and its intensity increases
with deformation [72,73]. The Rex texture is approximated by the y fiber whose main compo-
nent is approximated by {111}<112>. The density of this orientation increased with increasing
cold rolling reduction.

Figure 53 shows the orientation densities along the a and v fibers for IF steel rolled by 80%
and annealed at 695 °C. Up to 100 s, little change in the orientation density occurs, although
appearance of the {111}<112> component in the y fiber is apparent. For the specimen annealed
for 200 s, the orientation density along the 7y fiber is almost as high as that of the fully annealed
one, while the density along a fiber decreases with increasing annealing time.

8.1. Recrystallization in vy fiber

We want to know if the {111}<112> Rex texture results from the {111}<110> deformation texture.
The (111)[1-1 0] orientation is taken as an orientation representing the {111}<110> deformation
texture. The (111)[1-1 0] orientation is calculated to be stable using the rate sensitive model
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with pancake relaxations (¢,; and ¢,; are relaxed.). The active slip systems of the (111)[1-1 0]
crystal are calculated to be (101)[1-1-1], (0-1-1)[1-1 1], (211)[1-1-1], and (-1-2-1)[1-1 1], on which
the shear strain rates dy®™ / de;; with respect to ¢, are 0.0612, 0.0612, 0.107 and 0.107, respec-
tively. It is noted that the slip directions are chosen to be at acute angles with RD. The four slip
systems can be effectively divided into the following two slip systems. 0.0612(101)[1-1-1] +

0.107(211)[1-1-1] // (0.2752 0.107 0.1682)[1-1-1] and 0.0612(0-1-1)[1-1 1] + 0.107(-1-2-1)[1-1 1] //
(-0.107 -0.2752 -0.1682)[1-1 1]
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Figure 51. Section of ¢, =45° in Euler space with locations of important orientations and fibers.

90° %0° 90°
Max. 6.3 ax 7.0 Max 144
] 30° 60° 0° o mM 60° 90° o0 30° 60 90°
0 - 0 — 0

30° _/\ 30° 30°

I | /// =3

’ So
.\/\ [ Q SN S———]

o 0] TN — e —= M "
60 4 60— " T . 60°

90° 90°

go bl .
Max. 4.8 Max. 12.6 Max. 155
contour levels:2,4,6,8,10,15
50% 80% 95%

Figure 52. ODFs (p,= 45°) of 50, 80, and 95% rolled IF steel sheets (top) before and (bottom) after annealing at 695 °C
for 1000 s [71]
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Figure 53. Orientation densities along a and y fibers for IF steel sheets cold-rolled by 80% and subsequently annealed
at 695°C for 10 to 1000 s [71].

These two slip systems are depicted as locating in the opposite sides of the rolling plane as
shown in Figure 54a, and they are physically equivalent. They may not be activated homoge-
neously, even though they are equally activated macroscopically. In this case, AMSD is [1-1-1]
or [1-1 1]. It should be mentioned that all active slip directions are not summed unlike fcc
metals in which all slip directions are related to each other through associated slip planes.
Figure 54b shows angular relationships among MYMD [100], ND [111], and RD [2-1-1] in the
(111)[2-1-1] grains, whose orientation has been supposed to be the Rex texture of the (111)[1-1
0] rolling texture. It can be seen that [1-1 1] in Figure 54a is not parallel to [100] in Figure 54b.
According to SERM, the {111}<110> rolling texture is not likely to link with the {111}<112> Rex
texture.

Examining the experimental results more closely, the evolution of the {665}<1 1 2.4> Rex texture
[(@1,DP,,)=(90°,59.4°,45°)] appears to be linked to the {665}<110> deformation texture
[(p1,P,,)=(0°,59.5°,45°) or (54.8°,58.7°,50°)]. Let the (665)[1-1 0] orientation be an ideal orienta-
tion representing the {665}<110> deformation texture. The (665)[1-1 0] orientation is calculated
to be stable using the rate sensitive slip with pancake relaxations. Calculated active slip systems
and their activities in the (665)[1-1 0] crystal are given in Table 5. Active slip directions are
[1-1-1], [1-1 1], and [1 1-1]. It is noted that the [1-1-1] and [1-1 1] slip directions are chosen to
be at acute angles with RD and physically equivalent. The [1 1-1] direction is normal to RD.
The relationship between various directions is shown in Figure 55. AMSD is therefore (0.0536
+0.0086 + 0.0843)[1-1-1] + (0.0368 + 0.0148 + 0.0148)[-1-1 1] = [0.0801 -0.2129 -0.0801] // [1 -2.658
-1] or (0.0536+0.0086 +0.0843)[1-1 1]+ (0.0368 +0.0148 + 0.0148)[1 1-1] =[0.2129-0.0801 0.0801] //
[2.658 -1 1]. The second term direction in AMSD is determined physically with reference to
Figure 55a. For the first term direction of [1-1 1], the angle between the [1-1 1] direction and
TD [-1-1 2.4] direction is less than 90°. Therefore, the angle between the [-1-1 2.4] direction and
the second direction, [-1-1 1] or [1 1-1], should be larger than 90° and so the [1 1-1] direction is
chosen.
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Figure 54. Angular relationships (a) among AMSD, ND, and RD in rolled (111)[1-1 0] crystal and. (b) among MYMD,
ND, and RD in (111)[2-1-1] crystal.

Slip direction 1-1-1 1-11 1141
Slip plane 101 211 312 0-1-1 -1-2-1 -1-3-2 112 123 213
|dy®/de 14|, de

0.01 0.0536 0.0086 0.0843 0.0536 0.0086 0.0843 0.0368 0.0148 0.0148
1n=yv.

Table 5. Shear strain rates on slip systems in plane strain compressed (665)[1-1 0] crystal calculated based on rate
sensitive pancake model [71]

For the (665)[-1-1 2.4] orientation as an orientation representing the {665}<1 1 2.4> Rex texture,
the angles among ND, TD, RD, and [001] are shown in Figure 55b. Comparison of Figures 55a
and 55b shows that AMSD in the deformed specimen is almost parallel to [001], MYMD of
iron, in the Rexed specimen. This is compatible with SERM. In other words, the transformation
from the (665)[1-1 0] deformation orientation to the (665)[1-1 2.4] Rex orientation is compatible
with SERM. The deformed matrix and Rexed grains share the [665] ND (2" priority in Section
2). Taking symmetry into account, the {665}<110> rolling texture is calculated to transform to
the {665}<1 1 2.4> Rex texture, in agreement with the experimental result. This transformation
relationship may be approximated by the transformation from the {111}<110> deformation
texture to the {111}<112> Rex texture.

The {111}<112> orientation is not stable with respect to plane-strain compression. However, if
the orientation survived during rolling, grains with the orientation must have been plane-
strain compressed. The plane-strain compressed (111)[1 1-2] crystal is calculated, by the full
constrains model, to have slip systems of (110)[1-1-1] and (110) [-1 1-1], whose activities are
the same, if we consider slip systems on one side of the rolling plane. It is noted that the slip
directions are at acute angles to RD and on the same slip plane. AMSD is calculated to be [1-1-1]
+ [-1 1-1] = [0 0-2], which is parallel to a MYMD (Figure 56a). Therefore, the {111}<112>
deformation texture is likely to remain unchanged during annealing (1 priority in Section 2).
The {111}<112> grains may act as nuclei.

Yoshinaga et al. [74] observed that a {111}<112>nucleation texture was strongly formed in 65%
rolled iron electrodeposit with a weak {111}<112> texture, resulting in the {111}<112> Rex
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texture, whereas a {111}<110> nucleation texture was formed in 80% rolled electrodeposit
having a strong{111}<112> texture, resulting in the {111}<110> Rex texture. They noted the
importance of the nucleation texture in the Rex texture formation and attributed to the
{111}<110>Rex texturing in the 80% rolled sheet to higher mobility of grain boundaries between
the {111}<110> grains and the{111}<112> deformed matrix. They did not account for the
differences in nucleation texture between the 65% and 80% rolled sheets.

ND//[665]

ND//[665]

[111]

AMSD//[2.6611] MYMD//[001]

(665)

60.175 > _ >
AMSO RD//[110] ’%oo RD//[112.4]
D//[112.4] a TD//[11 0] b

Figure 55. (a) AMSD in (665)[1-1 0] rolled crystal; (b) MYMD in (665)[-1-1 2.4] Rexed crystal [71].
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/BFC=/CFD=25.2°, Z(FB,TD)=64.8°, Z(FB,RD)=42.4°, /(OA,RD)=35.3°, Z(FD,TD)=115.2°
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Figure 56. Explanation of {111}<112> rolling texture changing to {111}<112> or {111}<110> after Rex. F'B’ and F'D’
are MYMDs in Rexed state and are almost parallel to AMSDs, FB and FD, in deformed state, respectively [5].

According to SERM, the {111}<112> deformation texture is likely to remain unchanged after
Rex because AMSD in the deformed state is parallel to MYMD, as mentioned above. If the
activities of the slip systems of (110)[-1 1-1] and (110)[1-1-1] in Figure 56a are well balanced,
MYMD becomes [0 0-1]. This may be the case in the 65% rolled sheet. As the rolling reduction
increases, the balance can be broken. When the (110)[1-1-1] slip system is two times more active
than the (110)[-1 1-1] system, AMSD is parallel to the [1-1-3] direction (2[1-1-1] + [-1 1-1] =[1-1
-3]). Similarly if the (110)[-1 1-1] system is two times more active than the (110)[1-1-1] slip
system, AMSD is parallel to the [-1 1-3] direction. These directions are shown in Figure 56a. If
one of the two slips takes place in one layer and another one does in another layer and so on,
as in ¢,; relaxation, the rolling texture macroscopically appears the same as in the balanced
slip. When these AMSDs are made to be parallel to MYMD, one of the <100> directions, as
shown in Figures 56b and 56¢, we come to the result that the {111}<112> rolling texture is linked
with the {111}<32 31 1> Rex texture that is approximated by the {111}<110> texture.
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As the Rexed {665}<1 1 2.4> and {111}<112> grains grow, they are likely to meet the a fiber
grains. If the Rexed grains are not in a favorable orientation relationship with the a fiber grains,
they may not grow at the expense of the a fiber grains. This is discussed in the next section.

8.2. Recrystallization in « fiber grains

Park et al. [75,76] discussed orientation relationships between the rolling and Rex textures in
rolled IF steel sheets based on both SERM and the conventional OG, in which the a-fiber roll-
ing texture was assumed to transform to the y-fiber Rex texture. The {001}<110> and {112}
<110>rolling orientations, which are main components in the a-fiber texture, are calculated to
be stable using the full constraints Taylor model. For the (001)[110] orientation as an orienta-
tion representing the {001}<110> orientation, active slip systems are calculated to be (1 1-2)
[111] and (112)[1 1-1] from the full constraints Taylor model. Therefore, AMSD can be [111] or
[1 1-1]. Figure 57a shows the angular relation between the [111] direction and the (001)[110]
specimen axes. Figure 57b shows the angular relation between the [001] direction, which is a
MYMD, and the axes of the specimen with the (111)[-1-1 2] Rex texture. It can be seen from Fig-
ure 57 that AMSD in the deformed state is parallel to MYMD in the Rexed state and TD is
shared by the deformed and Rexed states (2" priority in Section 2). Taking the symmetry into
account, the {001}<110> deformation texture is calculated to transform into the {111}<112> Rex
texture. This transformation was observed in the experimental results (Figures 52 and 53, [75],
[77]). It is often addressed that the {001}<110> orientation is difficult to be Rexed. It may be at-
tributed to the fact that the orientation has a low Taylor factor [66].

For the (558)[1-1 0] orientation as an orientation representing the {558}<110> orientation, active
slip systems are calculated to be 2.283(101)[1-1-1], (101)[-1-1 1], 2.283(0-1-1)[1-1 1], and (0-1-1)
[11-1] from the full constraints Taylor model, where the factor 2.283 in front of slip systems in-
dicates that their activities are 2.283 times higher than other slip systems [66]. The slip systems
reduce effectively to (101)[1-2.56-1] and (0-1-1)[2.56-1 1]. Therefore, AMSD becomes [1-2.56-1]
or [2.56 -11]. Figure 58 shows that the [1-2.56-1] direction in the (558)[1-10] crystal is nearly par-
allel to MYMD in the Rexed state, and the [101] direction is shared by the deformed and Rexed
states (2" priority in Section 2). Taking the symmetry into account, the {558}<110> deforma-
tion texture is calculated to transform into the {334}<483> Rex texture. This transformation rela-
tion was observed in the experimental result. The {334}<483> orientation is away from the
{111}<112> orientation. An exact correspondence between the (112)[-110] deformation and
(-2.452-2.45)[1 2.45 1] Rex orientations can be seen in Figure 59.

ND//[001] ND//[111]

AMSD//[111] MYMD//[001]
54.74° 54.74°

(001) (111)
35.26° 35.26°

[ [
Lgl

/ RD//[110] / RD/[112]
TD//[110] TD//[110]

Figure 57. AMSD in (001)[110] rolled crystal and MYMD in (111)[-1-1 2] Rexed crystal [71].

47



48 Recent Developments in the Study of Recrystallization

ND//[558] ND//[334]

~ (101) (558) ~(101)

(334)

AMSD//[12.56 1] MYMD//[010]

[ [

/Vm RD/[1T0] //83 RD//453]
TD//[4 4 5] TD//[417 36]~[101]

Figure 58. AMSD in (558)[1-1 0] rolled crystal and MYMD in (334)[4-8 3] Rexed crystal [71].

ND//[112] ND//[2.45 2 2.45]

(101) (112) (101)

AMSD//[121] MYMD//[010]

[

/ RD/[110] / RD//[1 2.45 1]
TD//[111] TD//[101]

Figure 59. AMSD in (112)[-110] rolled crystal and MYMD in (-2.45 2 -2.45)[1 2.45 1] Rexed crystal [71].

Park et al. [75] studied relationships between rolling and Rex textures of IF steel. When the
{112}<110>, {225}<110>, and {112}<110> components had the highest density in cold rolling
texture, the {567}<943>, {223}<472>, and {554}<225> components had the highest density in
Rex texture, respectively. Rolling and Rex textures of low carbon steel (C in solution), and
Fe-16%Cr and Fe-3%Si steels indicate that the strong rolling texture components {001}<110>
and {112}<110> have an effect on the evolution of a very strong Rex texture {111}<112> [77].

Park et al. [76] investigated the macrotexture changes in 75% cold-rolled IF steel with an-
nealing time at 650°C along the a-fiber. The cold rolling texture showed the development of
the a fiber as typical in bcc steels. The orientation densities of the a-fiber increased slightly
after annealing for 300 s. This is a well-known recovery phenomenon. A part of the a-fiber,
near {114}<110>, substantially decreased after annealing for 1000 s. EBSD analysis indicated
that the {556}<175> Rex component was formed at the expense of the {114}<110> deformation
component. This texture transformation could be explained by SERM. Relationships be-
tween various rolling and Rex textures are summarized in Table 6.

These results can be explained based on SERM [4,75,76]. Figure 60 shows drawings relating the
rolling texture components to the Rex texture components. AMSDs can be easily obtained by
choosing the <111> directions, the slip directions in bcc metals, closest to 45° to the compression
axis without calculation of rolling deformation. For the cold rolling texture (001)[110], TD is cal-
culated by the vector product of [110] and [001] to be [-110]. The <111> directions closest to 45°
with the [001] compression axis are [-111], [-1-11], and [111]. The [-111] direction is likely to con-
tribute to spread of the width of sheets. Therefore, slip along the [-111] direction is unlikely. The
effective slip planes are likely to be parallel to TD and contain the [111] and [-1-1 1] slip direc-
tions. The planes are those normal to the vector product of the [-110] TD and the [-1-1 1] and/or



Recrystallization Textures of Metals and Alloys
http://dx.doi.org/10.5772/54123

[111] directions. They are calculated to be the (112) and/or (1 1-2) planes. The related slip sys-
tems are therefore (112)[-1-11] and (1 1-2)[111]. These systems are physically equivalent. There-
fore, it is sufficient to choose one of them. Let us choose the [111] direction. The [111] direction

and other related directions and planes are shown in Figure 60a. The [111] direction is on ND-
RD plane. Therefore, itis likely to be AMSD.

D//[114]

(3-14)
(114)

AMSD//[-111]

~ AMSD//[-121]
f RD //[-110] RD //[-110]
TD/[11-1] TD//[22-1]
Rolled
ND//[545]

(1o (545),

MYMD//[001 ]

KTJ RD//[-1-1 36°
RD//[-25-2
D//[-110] TD//[10-1] t ] D//[67 -19 - 40]

a b Rexed c

%5 5o MYMD//[010 ]

%

]

RD//[-17-5]

Figure 60. Correspondence between AMSD in rolled state (top), MYMD in Rexed state (bottom) in orientation rela-
tionships between (a) (001)[110] roll — (111)[-1-1 2] Rex, (b) (112)[-110] roll — (545)[-2 5-2] Rex, (c) (114)[-110] roll
— (556)[-1 7-5] Rex.

If the [111] direction in the deformed state is set to be parallel to MYMD [001] in the Rexed
state, the (111) plane becomes parallel to the rolling plane and the [-1-1 2] direction becomes
parallel to RD in the Rexed state, giving rise to the (111)[-1-1 2] Rex texture as shown in
Figure 60a. This result is the same as that obtained based on the full-constraints Taylor mod-
el (Figure 57). Therefore, the {001}<110> may be responsible for the measured {111}<112> Rex
texture. It is noted that the [-110] TD is shared by both the deformed and Rexed states (2"
priority in Section 2). It is also noted that the angle between AMSD and RD is about 30°
which is the usually observed angle between the shear band and RD.

Other examples in Figure 60 are self-explainable. In all the examples except Figure 60d, the
<110> directions are shared by the deformed and Rexed states. In fact, the Rex textures in
Figure 60b and 60c are very similar. This is the reason why there exists an angular relation
between the deformed and Rexed states about the <110> axes (Table 6). This has often been
interpreted to be associated with CSL boundaries. However, there is no consistency in the
CSL boundaries. Anyhow the high density orientations along the a fiber change to near
{111}<112> orientations on Rex.

As the Rexed vy fiber grains grow, they are likely to meet the o fiber grains. Main components in
«a fiber including the {112}<110> orientation are predicted to tend to change to near {111}<112>
orientations according to SERM. Therefore, the {111}<112> Rexed grains will grow at the ex-
pense of the « fiber grains with little disturbance of orientation. It is interesting to note that
SERM can satisfy the relation between the deformation and Rex textures in the nucleation and
growth stages. The two prominent components, (334)[4-8 3] and (554)[-2-2 5], in the Rex texture
arerelated to the (558)[1-1 0] and (112)[1-1 0] components in the rolling texture, respectively.
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Rolling texture Rex texure RD—AMSD RD—MYMD Observed Coincidence site
Component Component ©) ©) OR lattice relation
{112}<110> {567}<943> 30 29 30°<110> >19a(26.5°<110>)
{225}<110> {223}<472> 35.3 32.6 25°<110> >19a(26.5°<110>)
{112}<110> {554}<225> 30 29.5 35°<110> ¥9(38.9°<110>)
{001}<110> {111}<112> 353 353 55°<110> >11(50.5°<110>)
{114}<110> {556}<175> 35 36
{558}<110> {334}<483> 30.6 32 29°<110> ¥19a(26.5°<110>

Table 6. Orientation relationships (OR) between major components which dominate rolling and Rex textures.

{001} {112} {111) {130} {111} (111}
<110> <110> <110> <110> <110> <i112>
70% rolled = 0° =55 °
() 4 center layer 12 0 | % =5=
4 =45 ° =45°
] Ta @ ] 75
] \ annealed at ] Rl
-y 0 1000°C v
J L /
151\ a 1100°C 1~
L x 1200°C /
D‘U \ ¥ 1300°C ) J
1 7% \ o rolled 107
\
10 g-0. =] - Y
I 7%0.0 O / g
] 9 w8 X
\ xBHX
E O, e~ N
o /Y"r \U X °'°~3. N,
AN 51 ]
5% & X ] 3
L= x.x‘x\\ i/
. . A
] X “—A'g-g ;
) :x-& x
Jt+— T T ke r%/ﬁﬁ 0 +rrrr
0° 30° 60° g0° 60° 75° Q0°
— ¢ — ¢,
(a) (b) .

Figure 61. Orientation densities along a- and B- fibers for 70% rolled and annealed Ta [78].

8.3. Recrystallization in non-ferrous bcc metals

The texture evolution in Ta after 70% rolling and subsequent annealing at various temperatures
is shown in Figure 61 [78]. The rolling texture of Ta is characterized by a partial a-fiber
extending from {001}<110> to {111}<110> and a complete y-fiber {111}<uvw>. The major
deformation texture components are {112}<110> and {001}<110> as in steel. MYMD of Ta is
<100> (A>0 in Table 6), the development of the Rex texture is expected to be similar to that in

steel. It can be seen that an enhancement of {001}<110> due to recovery and a strong decrease
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in {001}<110> to {112}<110> accompanied by a strong increase in y-fiber {111}<112> and/or
{554}<225> due to Rex. The Rex behavior is readily understood from Figure 60 [4, 75].

{100}<110> {112}<110>  {111}<110>
e ¥

{001} <110

[—e—o3h|

{112} <110

113 <110

5 10 15 20 25 30 35 40 45 50 S5
@[]

{110} <110

Figure 62. (a) ¢, =45° ODF section of center of Mo sheet annealed for 1h at 925°C and (b) orientation density along a-
fiber in central zone of Mo sheet annealed at 850°C [79].

The deformation texture of rolled Mo sheets was characterized by a weak y-fiber and a-fiber
with a strong {100}<110> component [79]. Full Rex does not change the rolling texture but
reducesits intensity (Figure 62). This result is compatible with SERM considering that the <111>
directions are not only slip directions, which is approximately AMSD (Figure 60a, top), but
also MYMD of Mo (A<0 in Table 7) (1! priority in Section 2). The decrease in orientation density
during annealing may be attributed to A being close to unity.

Since the slip systems of W are {112}<111> [80], it is predicted that the {001}<110> component
dominates the rolling texture as shown in Figure 60a. Figure 63a shows the rolling texture
which is dominated by the {100}<011> component as predicted. The deformation texture is
approximately randomized after Rex (Figure 63b). This is compatible with SERM because W
is almost isotropic in its elastic properties (A=1 in Table 7).

Material Temp., K S, S, fS,, A Reference

1300 8.137 13.966 -3.150 1.6164
1400 8.297 14.025 -3.224 1.6429

Ja 1500 8.408 14.184 -3.274 1.6472 82
1600 8.576 14.409 -3.357 1.6563
273 2.607 9.158 -0.622 0.7052

Mo 373 2.655 9.242 -0.682 0.7092 83
973 3.010 9.823 -0.833 0.7824
100 2.398 6.158 -0.665 0.9948 84

W 297 2.454 6.218 -0.690 1.0113 85
973 2.711 6.553 -0.798 1.0710 85
2073 3.509 7.375 -1.160 1.2662 85

Table 7. S, (GPa™") and A=2(S,;-5,)/S4, for Ta, Mo, and W. f =1000
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RD RD
® {100}<011>

om {100}<011>+12°

Figure 63. Pole figure of W sheet (a) after cold rolling by 96% and (b) subsequent annealing at 2000 °C for 30 min
[81]. Max intensity: (@) >16 and (b) >4. Contour levels: 1/2,1, 2, 4, 8, 16.

9. Conclusion

The Rex textures of freestanding electro- and vapor-deposits of metals and heavily deformed
metals and alloys whose stored energies due to dislocations constitute the main driving forces
for Rex can be determined such that AMSDs in the fabricated matrix can be along MYMDs in
Rexed grains or nuclei, and by other conditions which can maximize the strain-energy release
in the system. The strain-energy-release-maximization theory can explain the following

results.

1. The <100>, <111> and <110> electro- and vapor-deposition textures of Cu, Ni, and Ag
transform to the <100>, <100>, and <\3 1 0> textures, respectively, after Rex.

2. The <100> and <111> deposition textures of Cr remain unchanged after Rex.

3. The <111>+<100> drawing textures of uniaxially drawn Ag, Al, Cu, and Au wires change
to the <100>textures after Rex.

4. Channel-die compressed {110}<001> Al single crystal keeps its {110}<001>deformation
texture after Rex.

5. The{135}<2 1-1> Al sheet obtained by channel-die compression of Al crystals of {123}<412>
orientations by 90% develops {-0.0062 0.2781 0.9606}<0.9907 0.1322 -0.0319> = {0 1 3.5}<31
4 -1> after Rex.

6. An Al crystal of {112}<111> obtained by channel-die compression of a (001)[110] Al single
crystal develops {001}<\610> after Rex.

7. The (123)[-6-3 4] + (321)[-436] + {112}<111> Cu sheet obtained after reversible rolling of a

(123)[-6-3 4] Cu single crystal by 99.5% under oil lubrication develops the Rex texture of
major {001} <100> + minor (0 3-1)[100] orientations. The {001}<100> and (0 3-1)[100]
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components are calculated to result from the {112}<111> and (123)[-6-3 4] components in
the deformation textures, respectively.

8. The {011}<211>, {112}<111>, and {123}<634> components in the rolling texture of cold-
rolled polycrystalline fcc metals and alloys with medium to high stacking fault energy are
respectively linked with the {011}<100>, {100}<001>, and {031}<100> component in the Rex
texture.

9. The {111}<112>bcc crystal undergoing plane strain rolling can develop three different Rex
textures of {441}<118>~= {110}<001>, {111}<112>, and ~{111}<110> depending on local slip
systems and their activities in the same gloval deformation.

10. The {665}<110>, {001}<110>, {558}<110>, {112}<110>, {114}<110> components in the rolling
texture of steel are respectively linked with the {665}<1 1 2.4>, {111}<112>, {334}<483>,
{545}<252>, {556}<175> components in the Rex texture.

11. The rolling and Rex textures of Ta are similar to those of steel.

12. Full Rex of Mo does not change the rolling texture but reduces its intensity.

13. The rolling texture of W transforms to a texure which can be approximated by random
orientation distribution after Rex.
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