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ABSTRACT The influence of intermediate recrystallization annealing and final recovery annealing on the

strength of 5456 aluminum alloy sheet, which could not be strengthened by heat treatment, was investigated.

The corresponding micro-mechanism of that influence on the strength was discussed. The introducing of inter

mediate recrystallization annealing during cold rolling will change the cold deformation degree, defect structure

state and the volume fractions of different texture components of cold rolled sheet, and therefore the strength

of work hardening will be influenced directly, and the sirength levels as well as the strength anisotropy after

the final recovery annealing will also be influenced indirectly. The strength levels in different directions could

be adjusted by an optimized combination of intermediate recrystallization annealing and final recovery anneal

ing.
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1 INTRODUCTION

Many aluminum alloys can not be strength-
ened by heat treatment, therefore the work
hardening of cold deformation is applied fre-
quently to insure the required strength''l. Ac
cording to the external stresses there usually ex-
ist certain defect structure and special texture in

aluminum alloy after different deformation pro-

X [2]
cesses

, which will have important influences
on the anisotropy of mechanical properties. Con-
cerning the application area of the aluminum al-
loys the anisotropy should be either avoided ! or
utilized ™. In this aspect the investigation on de-
formation texture and structure obviously has
practical importance. The 5456 aluminum alloy
sheet is used in the present work to analyze the
influences of deformation process, deformation
texture as well as the defect structure on the al-
loy strength.

2 EXPERIMENTAL

Starting from 450~ 480 C, the commercial
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5456 alloy ingot ( 600 mm thick, 0. 16% Si,
0.32%Fe, 0. 037% Cu, 0. 57% Mn, 4. 95%
Mg, 0. 040% Cr, 0. 015% Zn and 0. 015% T1,
mass fraction) was hot-rolled down to 3 mm and
coiled, the finishing temperature was about
300 C. Two samples (A and B) were taken
from the hot band and cold-rolled down to 0.7
mm. Sample A was recrystallized at 350 C for 2
h (intermediate annealing). Then the two sam-
ples were rolled down to 0. 35mm, and annealed
at 205 C for 20 min as final annealing.
Assuming that dg is sheet thickness and d
is perpendicular distance from the observed posr
tion to the sheet center, s value is defined as s=
2d/ dy. Tt is apparent that s= 1 expresses sam-
ple surface and that s= 0 expresses sample cen
ter. The {111}, {200}, {220} and {113} in-
complete pole figures of the two samples before
and after final annealing were measured at differ-
ent s positions, and the Bunge method was used
to calculate the orientation distribution functions

(ODF)1. The yield strength T, and the ten-

sile strength O, were measured along the rolling
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direction ( RD) and transverse direction (TD).
The deformation structure was observed under
optical microscope.

3 RESULTS

The microscopic observation shows that the
final annealing did not lead to recrystallization of
the cold rolled sheet. According to the general
annealing treatment of 5456 alloy, it can be de-
duced that the rolling sheet has experienced a
strong recovery process during final annealing.

Fig. 1 gives the % sections of the ODF cal-
culated for sample A after final annealing, and il
lustrates a typical rolling texture which has been
observed very often in aluminum'®. The rolling
texture can be expressed by a density distribution
along the B orientation fiber for different sheet
pieces taken from sample A, i.e. Al, A2 and A3
with different s values (Fig. 2(a)), as well as
the exact positions of the fibers in orientation
space (Fig. 2(b)).
fibers, the corresponding peaks and the fiber po-

It can be seen that the

sitions overlap so perfectly that the deformation
must be very homogeneous and leads to such
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high reproductivity of the rolling texture. The
same overlap could also be observed for samples

A and B at other experimental stages. Fig.3
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Fig. 1 Texture in sample A after final
recovery annealing
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Fig. 2 B-fiber analysis of sample A after the final annealing

(a) —Orientation density distribution along B fiber; (b) —Positions of B fiber in orientation space



Vol.8 Ne 1

Anisotropy of work hardening in 5456 alloy . 4l -

shows the density distribution on the B orienta
tion fiber for samples A and B before and after
the final annealing, which demonstrates certain
distribution differences of the orientation denst
ties. Because of the high texture reproductivity
shown in Fig. 2, the differences do not concern
the measurement accuracy, but are induced by
different experimental processes.

It can be observed from the B fiber analysis
shown in Fig. 3 that the grain orientations are
basically accumulated around {011} <211 ),
{225) {554 and {123} {634) along the B fiber.
No principal texture changes took place in sam-
ples A and B before and after the final annealing,
which is the general case in aluminum sheets !
The final annealing results in a density increase
along the B fiber for sample A, but not for sam-
ple B. The density distributions of samples A
and B are also different. The orientation density
of sample A is higher around {225} <554), but
that of sample B is higher around {011} <211,
from which the influence of intermediate anneal-
ing could be seen. The method of Liicke et all”
was used to quantitatively calculate the texture
components in Fig. 3. Table 1 gives the results.
Both of the intermediate annealing and the final
annealing have influenced the volume fraction
and scattering width of rolling texture compo-
nents, in which the final annealing has reduced
the scattering width of the texture components
in sample A. The corresponding increase of orr
entation density on B fiber ( Fig. 3) indicates
that the recovery annealing sharpened the tex-

Table 1

ture in sample A, but did not in sample B.

Table 2 gives the experimental data of the
tensile test in RD and TD for samples A and B,
which are closely relative to the texture and mr
crostructure, from which the influence of the in-
termediate and the final annealing on mechanical
properties and their anisotropy can be observed.
The final annealing reduces the strength to cer
tain extent, but the strength drops in RD and
TD are different. The yield strength drop is rel
atively high in RD (Table 2, bottom part). On
the other hand the intermediate annealing has al-
so decreased the final strength levels.
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Fig. 3 Textures in samples A and B before
and after final recovery annealing

Quantitative analyses of texture components before and after final

annealing and corresponding orientation factors by tensile test

{001} 211

{225} {554 {123} <634)

Quantitative analyses

of texture components  Volume  Scattering Volume Scattering Volume Scattering
fraction width fraction width fraction width
A 23. 1% 9.48 . 6% 8.97 46. 3% 9.43°
Rolled . o .
B 27. 0% 9.23 . 5% 8. 38 47. 0% 8.99
A 23.3% 9.24° . 8% 8.45° 46. 4% 9.1%8
Annealed . . .
B 25. 1% 8.99 . 3% 8.32 46. 6% 9.04
Orientation factors of RD TD RD TD RD TD
different textures 0.41 0. 28 0.33 0.41 0.40 0. 45
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4 DISCUSSION

4.1 Intermediate recrystallization annealing
At 350 C, the Mg atoms are basically
solved in the matrix of 5456 alloy, so that the
recrystallization process can be completed with-
out obstruction of precipitated particles. Sample
A has 50% final accumulated rolling reduction,
but sample B has 88% . The difference is in-
duced by the intermediate annealing of sample
A. Therefore sample B should have experienced
higher work hardening and correspondingly have
higher yield strength. But Table 2 shows that
sample B has lower yield strength than sample A
in RD, which should be obviously due to the ex-
istence of rolling texture. The volume fractions
of {123} <{634) component in samples A and B
after cold rolling are very similar, but the differ-
ences on components {011} (211) and {225}
(554 are apparent (see Table 1). The yield
strength O, in aluminum single crystal is
anisotropic, and the equation 0,= T/ m is valid
according to the law of critical resolved shear
stress, in which T. represents the critical re-
solved shear stress and m is the orientation fac
tor. Table 1 shows the orientation factors of the
slip systems which will firstly become active in
the grains oriented at {011} <2117, {225} {554)
or { 123} <634 under the tensile stress. Compar
ing the data of orientation factors, the compo-
nent {011} {2117 has lower tensile deformation
resistance in RD, and the component {225}

(5547 has lower tensile deformation resistance in
TD. Sample B has more {011} (211) texture
and less {225} {554) texture after rolling (T able
1), and therefore its yield strength in RD is low-
er than that of sample A. This indicates that the
influence of texture components on the yield
strength is stronger than that of work harden-
ing.

About 77% rolling reduction had been accu-
mulated in sample A before intermediate anneal
ing, and the corresponding rolling texture com-
ponents should also be {011} <211, {225}
(554) and {123} <634). After intermediate re-
crystallization the annealing texture components

mainly the {124} <211) and certain{ 001} <100

will replace the rolling texture'®', in which the

{124} <211 has very similar orientation to the
{123} <634 produced by rolling. Sometimes
both are considered identical. Therefore the fol-
lowing cold rolling results in a rapid accumula
tion of recrystallized grains around { 123} {634)
and furthermore along the B fiber tow ards {225}
(554>'°1 " which leads to a higher volume frac
tion of texture component {225} <554) in sample
A. Most grains do not have tendency to accumu-
late around {011} <211, and the final rolling
texture component | 011} {2117 becomes less in

sample A(Table 1).

Table 2 Tensile strength before and
after final annealing

Strength in Op.2/ M Pa 0,/ M Pa
different directions RD TD RD TD
Rolled A 385 357 419 424
oHec B 371 371 421 431
Annealed A 334 337 389 398
nneated g 335 348 391 401
Strength A 51 20 30 26
drop B 36 23 30 30

4.2 Final recovery annealing

The recovery annealing reduced the disloca
tion density, work hardening effect and there
fore the strength levels of deformed aluminum al

loy (Table 2).

periences a drawing stress in RD and a com-

During rolling a metal sheet ex-

pressve stress in ND (normal direction to sheet
surface) , and macroscopically becomes longer in
RD and thinner in ND. If the rolling reduction is
not very high, a part of the slipped dislocations
which have induced grain elongation in RD will
migrate in a reverse direction on the original slip
plane easily during the following recovery an-
nealing, and therefore release the internal elastic
stress induced by deformation and reduce the dis-
location density. If in this case the tensile test is
performed in the RD, the yield strength will be-
come clearly lower than that of the unrecovered.
Generally there is no normal strain in TD, and
the recovery of the dislocation structure will not
induce much yield strength drop. The strength
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drop in TD observed in Table 2 is mainly due to
the decrease of dislocation density in the whole
sample and is not so high as that in RD. In sam-
ple B the much higher rolling reduction before
recovery annealing has resulted in serious disloca
tion interactions and complicated dislocation con-
figuration. In this case the reserved migration of
dislocations on original slip plane hecomes rather
difficult, and the yield strength drop is not as
high as that in sample A after recovery annealing
(Table 2), but is more dependent on the reduc
tion of dislocation density in the whole sample.
If a group of dislocations slip on a special
slip plane during cold deformation, the positive
and negative dislocations will migrate in opposite
directions. With increasing deformation degree
the positive and negative dislocations will pile up
on the slip plane because of certain obstructs,
and result in torsion of grain lattice and random-
ization of grain orientations. When many grains
are oriented around a stable orientation for
rolling deformation, the randomization of most
grains will increase the scattering width of corre-
At low

rolling reduction the reversed slip of dislocations

sponding rolling texture component.

could clearly reduce the lattice torsion, orienta
tion randomization, and therefore reduce the
scattering width of the texture components. The
corresponding orientation density will be in-
creased simultaneously, which has been really
observed in sample A with low accumulated
rolling reduction (see Table 1 and Fig. 3). This
effect is not well observed in sample B ( Fig. 3)
for its high accumulated rolling reduction and
complicated dislocation configuration.

Because of the reasons mentioned above the
recovery annealing has also resulted in the
anisotropy changes of yield strength. The yield
strength in RD and TD, e. g. in sample A, is
anisotropic before recovery annealing, but be
comes almost isotropic after the recovery anneal
ing. In sample B the yield strength is roughly
isotropic before recovery annealing, but becomes
anisotropic after the recovery annealing. There

fore, combining the intermediate annealing and
the recovery annealing the volume fraction of
texture components can be changed, and the
strength in different directions on alloy sheets
can be adjusted.

5 SUMMARY

The intermediate recrystallization annealing
has reduced the final cold deformation degree of
5456 aluminum alloy sheet, changed the volume
fractions of the rolling texture components, and
directly influenced the corresponding strength
anisotropy. During the final recovery annealing
the dislocations can migrate in a reversed direc
tion on the original slip plane, and therefore ap-
parently reduce the yield strength in rolling dr
rection as well as the randomization of grain orr
entation distribution. By optimizing the combr
nation of intermediate recrystallization annealing
and final recovery annealing the final texture and
defect structure could be controlled, and there
fore the strength levels in different directions of
the alloy sheet could be adjusted.
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