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An investigation on recrystallization textures in high purity face-centered cubic (fcc) aluminum, copper,
and nickel indicated that the cube texture is a unique dominant final texture. In a macroview of rolling
deformation, a balanced activation of four slip systems can result in certain stability of some substruc-
ture with cube orientation in the deformed matrix. In the stable substructure the dislocation density is
very low, and the dislocation configuration is rather simple in comparison to other orientations so that
the cube substructure can easily be transformed into cube recrystallization nuclei by a recovery process.
A high orientation gradient and correspondingly high angle boundaries to the deformed matrix are usu-
ally expected around the cube nuclei, which, therefore, grow rapidly. After the primary recrystallization,
the size of cube grains is much larger than the grains with other orientations, which will be expensed as
the cube grains grow further, so that the cube texture can finally become a dominant texture component.

Keywords cube texture, face-centered cubic metals, rolling formation, are mainly based on_the investigations that concen-
deformation trated on microstructure analysis.

As observed in a macroview, the cube texture or cube ori-
entation concerns a rolling coordinate system, that is, an ori-
gin-rolling direction-transverse direction-normal direction
O-RD-TD-ND system. Therefore, even though the cube tex-

The cube texture was first observed in sheet metal more thantyre is formed directly in the recrystallization annealing, it
70 years ago (Ref 1), and it subsequently was found in differentshould be induced initially by the geometry of rolling deforma-
face-centered cubic (fcc) metal sheets after a recrystallizationtion. From this point of view, this study provides a complete ex-
annealing. The corresponding research on the formationplanation of cube texture formation in fcc metal sheets. The
mechanisms of cube texture has been conducted intensivelyolling inhomogeneity (Ref 11), impurity atoms, and annealing
since then. Many engineering applications require the cube tex-conditions (Ref 12), which may have reduced the volume frac-
ture for special uses, for example, high voltage aluminum ca-tion of cube texture, will be discussed to simplify the analysis.
pacitor foil (Ref 2), nickel superconducting tapes (Ref 3), and
new silicon steel sheets (body-centered cubic méraj 4).

Therefore, it has become more important to reveal the forma-2. Experimental Procedures
tion mechanisms of cube texture completely.

Recrystallization is a process of nucleation and grain  High purity aluminum (>99.99% Al), copper (99.995% Cu),
growth involving the migration of high angle boundaries (Ref and nickel (99.988% Ni) were homogeneously rolled (Ref 11).
5). All factors that effect the nucleation and migration of high The rolling reductions were 95% (0.3 mm) and 98.5% (0.09
angle boundary will influence the formation of cube texture. mm) for aluminum, 95% (0.5 mm) and 99% (0.1 mm) for cop-
Ibe et al. (Ref 6) found in their early work that the boundaries per, and 88.4% (0.58 mm) and 96.8% (0.16 mm) for nickel. The
between recrystallization grains and deformed matrix will rolling sheets were annealed properly in a salt bath or vacuum
move very fast if they have a special orientation relationship furnace. The {111} pole figures of the annealed samples were
(Ref 6). A theory of growth selection was proposed (Ref 6), measured using x-ray diffraction techniques (copper tube).
which explains the mechanism of cube texture formation (Ref Figure 1 shows the pole figures.

7, 8) because the cube texture and main rolling texture compo-

nent have just the special orientation relationship. Dillamore

and Katoh (Ref 9) investigated the formation process of certain3. Results

substructures in transition bands during cold rolling of cubic

metals and its important influence on recrystallization nuclea- A very strong cube texture and a weak {122} 1texture

tion (Ref 9); afterward they proposed a theory of oriented nu- were obtained after the recrystallization of 95% rolled alumi-

cleation. Some experimental observations supported the theorynum sheet (Fig. 1a), in which both textures were observed very

that could also explain the formation of cube texture (Ref 10). frequently in recrystallized aluminum sheets. The {12411

The theories, giving different explanations of the cube texture texture is commonly called thetexture (Ref 7). It was demon-
strated that the grains with cube orientation, or cube grains,

W. Mao, University of Science and Technology Beijing, Department Nave & much larger size than Rgrains (Ref 7). The orienta-

of Materials Science and Engineering, Xue Yuan Lu 30, 100083 Bei- tion relationship of both grains was 4011[(Ref 6) (Fig. 1a).
jing, China. Contact e-mail: wmmao@public.bta.net.cn. A unique cube texture was obtained when the rolling reduction
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reached 98.5% (Fig. 1b). Because of the large size of cubeCopper has a lower stacking fault energy than aluminum;
grains (Ref 7) and possibly the surface effect (Ref 2)Rthe  therefore, cube twinning grains will form when the normal
grains could not grow further and finally disappeared. growth of cube grains is interrupted or hindered during an-

A very strong cube texture was also obtained after the re-nealing. A very sharp cube texture was obtained when the
crystallization of 95% rolled copper sheet (Fig. 1¢), and a twin- rolling reduction reached 99% (Fig. 1d), but the surface ef-
ning texture {122}212bf cube orientation was observed. The fect of the thin samples obviously reduced the possibility of
orientation relationship of both grains was 6D21J(Fig. 1c). twin formation.

(b)

(d)

(f)
Fig. 1 The recrystallization texture in cold rolled face-centered cubic pure metal sheets ({111} pole figyfs} (1000 O, {122}

2120 ande , {124} [211[] Density levels: 1, 2, 4, 8, 14, 22, 32, and 44. (a) Al 95% red, maximum 18.5. (b) Al 98.5% red, maximum 30.8.
(c) Cu 95% red, maximum 35.0. (d) Cu 99% red, maximum 50.5. (e) Ni 88.4% red, maximum 7.2. (f) Ni 96.8% red, maximum 21.1
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The stacking fault energy of nickel is very sensitive to the cube grain. They are {1) [011], (111) [011], @ 11) [011], and
impurity atoms; therefore, annealing twins can often be ob- (111) [011], which have the same orientation factor. Ehg
served in pure nickel (Ref 13). Like copper and aluminum, a will become zero when the neighboring grains interrupt the ac-
cube texture, corresponding twinning texture, andRitex- tivation of two slip systems and the other two slip systems are,
ture were obtained after the recrystallization of 88.4% rolled therefore, activated. In this case all the shear strains are zero,
nickel sheet (Fig. 1e). Nevertheless, only a strong cube textureand the plastic deformation could be conducted further. At the
was obtained when the rolling reduction reached 98.6% (Fig. same time the activation of the four slip systems made no orien-
1f). tation changes, and the cube orientation will therefore stay sta-

It can be seen in Fig. 1 that all the recrystallization textures ble during rolling, which should be the important reason that
have a rather perfect orthorhombic symmetry 222 in the O-RD-the cube substructures may survive after a heavy rolling. Ridha
TD-ND coordinate system, and the cube texture is the uniqueand Hutchinson (Ref 10) have observed this cube substructure
final stable recrystallization texture. in cold-rolled copper sheet.

There are still another two orientations, that is, {000
. . and {011} 1000with which the grains might be deformed by
4. Discussion activation of four slip systems similar to the case for {001}
[100[Jand therefore no shear strains or orientation changes

The cube texture can become dominant only under the fol-would be induced. The two orientations are not stable during
lowing conditions according to the basic characteristics of met- rolling. By means of activation of two slip systems, the {001}
al recrystallization: [(1100will be rotated usually to {112J111[] or {225} (5541

. (Ref 17) and produce shear straég;. Similarly the {011}
. A_cube substructure should be present in the deformed mar ool be rotated to {011)y211(Ref 17) and produce shear
trix after heavy rolling. o strain,&,. Figure 2 gives the corresponding calculated value,
*  The cube substructure should become recrystallization NU-g,. ands, , either, in whichb = 0° for {001} 100CANdD = 35°

clei. _ _ ~ . for{112} 111 against,4®P). Furthermorep, = 0° for {011}
. The_cube nuclei shouI(_JI grow rapidly by means of migration 1 oorand ¢ = 35° for {011}[211againsk, () are valid. It
of high angle boundaries. is clearly seen that they; ande, , are lower tharg,5 around

* The cube grains could grow at the expense of the othercype orientation, which means that the {0OM}100 and
small grains because of size effect, allowing the cube tex-{011} 1000substructures should encounter less obstruction
ture to become dominant and unique. while they leave their original orientations by activation of two

slip systems during rolling. It can therefore be deduced that the

{001} 1 00dsubstructure would have higher rolling stability

than those of {001}110CJand {011} 1000 It has been found

that the orientations located between {001p0OCand {001}

[1100will move over cube orientation before they reach the fi-

The cube orientation in fcc metals is not a stable orientation nal stable orientations (Ref 18), and that will increase the re-
during rolling, and it will rotate commonly toward {1282110] tained cube substructures in the deformed matrix.

or {123} [634(Ref 7,14). The cube orientation can also rotate

to {011} 100LJif the metal flow during rolling is three dimen-

sional, for example, in the case where widening occurs (Ref

15). The instability of the cube orientation does not mean that  Dislocation slip is the dominant plastic deformation mecha-

all cube grains will leave the cube orientation completely after Nism for fcc metals. The strains induced by a dislocatioryslip

rolling. should be (Ref 19):

There will be two activated slip systems with same orienta-

tion factor in the cube grain in the case where the neighboring 0.6

grains have no effect on a deforming cube grain. Supposing tha £25(P)

1, 2 and 3 represent RD, TD, and ND in the O-RD-TD-ND co- 04

ordinate system, respectively, the strains produced by the twc I

slip systems are;; > 0,633< 0,6, = €5, = 0, anc,3# 0. Fig- 02

ure 2 gives thesgvalue under the deformation condition. The

® and¢ are the orientation angles (Ref 16), of whiek 0° ¢ oo

for {001} 100CANd® = 45° for {011} (100 are valid against

£53(®P). It can be seen that a large shear stegig will be in- 0.2

duced around cube orientation. However, because of the hin-

dering effects of neighboring grains in polycrystalline 0.4

aggregate, the shear straigs could be hardly fulfilled and

will be commonly reduced by activation of additional slip sys- 0.6 . v . . .

tems, which will result in a rotation of cube orientation toward 0 10 (D/zo dearee 30 40

{123} ®34[bn one hand and also lead to stability of few cube ¢y Ceg

substructures on the other hand. Figure 3 demonstrates the pos-Fig. 2 Different shear strains induced by two slip systems start-

sibly activated slip systems during rolling deformation of a ing from orientation {001}71.00 {001} 1100, or {011} [1000

The cold-rolled high purity fcc metals appear to meet all of
these conditions.

4.1 Cube Substructure in Deformed Matrix

4.2 Formation of Cube Nuclei
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in which the Burgers vector 5= by + b, + b,, and the normal
vector of slip plane is = n; + n, + ny. For common cases there
will be g; # 0; therefore, the simple single slip will result in
strain discontinuity among differently oriented grains. In order
to coordinate the strain continuity of polycrystalline aggregate,
which should be generally maintained during plastic deforma-
tion, multislips of dislocations are usually activated in rather
complicated ways under the reaction stresses induced by neig

ND

N\,
h — = Oy
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Fig. 3 The possibly activated slip systems in a cube grain dur-
ing rolling

boring grains (Ref 15, 20). That will produce interactions,

twists, and blockages of dislocations, which increase drasti-
cally the dislocation density and complicate the dislocation

configuration. However, if the cube substructure is deformed
by activation of the four slip systems in a balanced way so that
the initial orientation remains, the strains induced by the slip
systems should be:

£,>0 0 0 [
g=g o 0 0p (Eqb)
5o 0 -eyy

The cube substructure deformed in this way will undergo very
limited reaction stresses from the neighboring grains, and the
complicated multislip as well as crossslip will rarely appear.
The two Burgers vectors concerning the four slip systems are
perpendicular mutually, according to Fig. 3; therefore, the pos-
sibilities of dislocation reactions and corresponding twists and
blockages are decreased. The most dislocations will slip out of
the deformed cube substructure, in which the dislocation den-
sity is much lower than that in other substructures and the dis-
location configuration, becomes rather simple. The differences
in dislocation density and configuration lead to a clear ten-
dency that the cube substructure would be transformed into re-
crystallization nuclei very preferentially and easily during
annealing, and the nucleation rate for cube recrystallization
grains is therefore drastically increased. The advantages of
cube oriented nucleation were also observed in cold-rolled cop-
per sheet (Ref 10).

4.3 Growth of Cube Nuclei

As discussed previously, few cube substructures can keep
their stability around the cube orientation during rolling, while
most of the neighboring cube grains leave it (Ref 7,17). Figure
4(a) shows the orientation factor of the activated slip systems
while {001} [1000s rotated to {011}1000It is seen that a
softer orientation can be obtained if the cube grain is turned to-
ward {011} 1001 The rate of orientation change relative to the

{001}
<100>
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<100>
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Fig. 4 The orientation factor and corresponding rate of orientation change during the rotation of§00&pE011} [1000(a) Orienta-
tion factor. (b) Rate of orientation changié/de11
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strain is a function of the grain orientation under the rolling References

condition. Concerning Fig. 4(a), Fig. 4(b) gives the corre-

sponding rate of orientation changg@/de, . According to Fig.

4, cube grains neighboring a stable cube substructure will have
softer orientation, be deformed relatively easily by activation 2,
of two slip systems, and have a high rate to leave cube orienta-
tion so that the orientation difference between the stable cube
substructure and the fast rotated initial cube grains becomes3.
very high and induces a high orientation gradient. Therefore
high angle boundaries will be formed very easily around the re-
tained cube substructures if they are transformed into recrystal-

lization nuclei during annealing, which will obviously benefit

the rapid growth of the cube nuclei later. A similar case should

also appear if the cube grain is rotated toward {1B34[n-
stead of {011}100during rolling.

The common rolling textures in fcc metal sheets are {123}

6340112} @11 and {011}211] with which the deformed

grains always have high angle boundaries to the cube nuclei. 6.
Therefore there will be no obvious obstruction for cube nuclei
to grow into the deformed matrix. Conversely, the orientation
differences between other recrystallization and deformation

orientations, for example, between {1242110and {123}
(634[]{001} (1100and {112} (111) and {011} (100dJand

{011} 211] are relatively low. So the cube nuclei in high pu-
rity fcc metal sheets will have obvious growth advantages over

other nuclei during recrystallization.

4.4 Formation of Dominant Cube Texture

Because of the advantages of cube recrystallization grains
on nucleation and growth mentioned previously, not only a
strong cube texture can be obtained after the primary recrystal-
lization, but the size of cube grains can also be clearly larger
than those of other grains, which has been indicated in the cold-
rolled, high purity aluminum sheet (Ref 7). In this case itis eas-
ily understood that the cube texture is strengthened by grain
growth during further annealing and becomes a dominant final

texture (Fig. 1) with the help of surface effect (Ref 2).

5. Conclusions

The following conclusions can be drawn:

The formation mechanism of the cube recrystallization tex-
ture in high purity fcc metal sheets is discussed in a statistical
macroview, in which the phenomena that have been observqu
in the microstructure during the process of cube texture forma-
tion are explained. It was demonstrated that some substructure
with cube orientation has certain stability during rolling, can 17.
remain in the deformed matrix after heavy rolling, and has
some advantages in becoming recrystallization nuclei and
growing in comparison to other substructures. All these charac-18.
teristics of cube substructure or cube grains are closely related
to the condition of crystallographic geometry in rolling defor-

mation and lead to a final dominant cube texture.
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