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Relationship among Mechanical Properties Anisotropy,
 Microstructure and Texture in AA 6111 Alloy Sheets
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Abstract: We comparatively studied the mechanical properties anisotropy, microstructure and texture 
of the commercial and the new developed AA6111 alloys through tensile test, optical microscopy, and XRD 
analysis. The results show that the anisotropy of mechanical properties for the developed AA6111 alloy is 
lower than that of the commercial alloy. The developed alloy possesses higher r value, lower Δr value and more 
uniform microstructure, compared with the commercial AA6111 alloy, indicating that the deep drawability 
of the developed alloy has been improved significantly. The recrystallization textures of the two alloy sheets 
are also different. The recrystallization texture of the commercial alloy sheet mainly includes Cube and 
{114}<311> orientations, while the recrystallization texture of developed alloy sheet consists of Cube, Goss 
and R orientations. The relationships among the deep drawabilities, microstructure and texture were discussed 
thereafter. 
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1 Introduction

  In recent years, the wide application of Al alloys 
in automotive body panels, i e, 2xxx, 5xxx and 6xxx 
series Al alloys, has brought a great weight reduction 
that can reduce fuel consumption and exhaust gas 
emission. Compared with other Al alloys, such as 
2xxx and 5xxx series alloys, 6xxx series alloy sheets 
stand out by a combination of good formability, good 
corrosion resistance and satisfactory strengthening 
potential during paint bake cycles at high temperatures. 
The potential 6xxx alloys are in use for car body outer 
panels, including AA6009, AA6010, AA6016, AA6022 
and AA6111[1-8]. Among these alloys, European car 
companies prefer AA6016 alloy as a result of its high 
formability, while AA6111 alloy possesses higher 
strength and is interested by US carmakers. The 

mechanical properties of the typical aluminum alloys 
used for body panels are summarized in Table 1.  

Due to the higher strength of AA6111 alloy, 
thus, an un-suitable thermomechanical processing 
results in the bad formability of alloy. It is known that 
the deep drawability of alloy is greatly influenced by 
the Lankford value (r value), which is defined as the 
ratio of the transverse strain to the normal strain[10,11]. 
It has been experimentally proven that there is a 
positive correlation between r value and LDR value[12]. 
Compared with LDR value, r value can be more easily 
determined only through unidirectional tensile test. 
Hence, the deep drawability can be characterized by 
the average r and Δr values which are expressed by:

=(r0+2r45+r90)/4                        (1)

Δr=(r0+r90-2r45)/2                        (2)

where r0, r45, r90 are the values in 0°, 45° and 90° 
directions with respect to the rolling direction, 
respectively.

Generally speaking, high average r and low Δr 
values are beneficial to deep drawing, which mainly 
depends on crystallographic texture. It is commonly 
accepted that texture also has some influence on 
material properties, such as, Young’s modulus, strength, 
ductility, toughness, magnetic permeability, electrical 
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conductivity and thermal expansion, but here for the Al 
alloy sheets used in car body panels, the component and 
intensity of texture normally have a significant effect on 
the deep drawability of alloy sheets[13]. The mechanical 
properties contained strengths, ductility and r value of 
automotive aluminum sheet should be considered. It 
is very clear that how the texture components affect r 
value, however, obscure for strength and ductility. 

The effect of texture on deep drawability was 
studied by some researchers[10,12] and it has been 
repeatedly described that Cube texture and Goss 
texture possess low average r value and large Δr 
value respectively which are not beneficial to deep 
drawability, while g fibre has large average r and low 
Δr values, which leads to good deep drawability[14-17]. 
However, the relationship between the texture and 
the deep drawability was illustrated not deep, which 
can be attributed to the fact that r values of some 
uncommon texture components are still not clear. In 
order to clarify the effect of texture on the mechanical 
properties anisotropy especially the deep drawability 
more deeply, a commercial AA6111 alloy and a new 
developed AA6111 alloy were studied in this study. 
The aim of this paper is to compare the differences in 
mechanical properties anisotropy, microstructure and 
texture components for these two alloys, and establish 
the relationship among deep drawability, microstructure 
and texture.

2  Experimental

The chemical composition of two AA6111 
aluminum alloys is given in Table 2. The 1 mm 
thickness commercial and our developed AA6111 
sheets which are denoted A, B respectively have been 
solution treated at 555 ℃ for 2 min in salt bath furnace, 
and then pre-aged at 80 ℃ for 12 hours plus naturally 
aged for 14 days (T4P state). 

The mechanical properties of the alloy sheets 

at T4P state, including yield strength (YS), ultimate 
tensile strength (UTS), elongation, n and r values, were 
measured at room temperature in three directions, as 
shown in Fig.1. Among the above parameters, r value 
was determined by a tensile strain of 15%.

 Optical microscope was used to observe the 
microstructure. The standard metallographic techniques 
and Keller ’s reagent were used for the optical 
microscopical observation.

To analyze the recrystallization texture of the 
sheets, {111},{200},{220} and {311} incomplete pole 
figures were measured by D5000 X-ray gonimometer 
using Cu_Ka radiation. Orientation distribution 
functions (ODFs) were calculated from four incomplete 
pole figures by the series expansion method with 
lmax=22. The dimension of specimen was 24 mm(rolling 
direction)×14 mm(transverse direction).

3  Results and discussion

3.1  Mechanical properties
The mechanical properties of the two alloys in 

the different directions are presented in Fig.2. It can 
be easily seen that their mechanical properties are 
different in the three directions, indicating that they 
are both anisotropic. However, alloy B has lower 
mechanical properties anisotropy as a result of the 
slighter differences of mechanical properties in the 
three directions. According to the detailed mechanical 
properties of alloy sheets A and B shown in Table 3, 
it can be clearly seen that the strengths of alloy A in 
the three directions are all higher than those of alloy 
B in the corresponding directions, but the elongation 
of alloy A in the rolling direction is the lowest. In 
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addition, alloy B possesses the higher r value and lower 
Δr value compared with alloy A, indicating that the 
anisotropy of alloy B has been controlled better thus it 
may have better deep drawability. 

According to the results, it can be seen that the 
chemical composition may have a strong influence 
on the mechanical properties anisotropy. The new 
developed alloy B possesses very high r value and 
elongation similar to those of AA6016 and low strength 
similar to that of AA6009. It can be concluded that 
alloy B almost has the same deep drawability as 
AA6016.

As mentioned above, LDR is a specific parameter 
to evaluate deep drawability. Leu[18] pointed out that 
LDR depends on both r value and n value. Sidor[12] 

pointed out that LDR value mainly depends on the r 
value to a large extent but the effect of n value is less. 
The LDR usually can be expressed as follows:

                   (3)
where f is the factor of drawing efficiency, and when f 
equals 0.9, the calculated results should be much more 
accurate. Thus, the LDR values of the alloys A and 
B can be calculated according to the average r and n 
values. The LDR values are 1.99 and 2.01 respectively. 

The anisotropies observed from the two alloy 
sheets are presented in Fig.3. The difference of r values 
between alloys A and B should result from the different 
recrystallization textures. Therefore, the following part 
will give a detailed discussion on the microstructure 
and texture. 
3.2 Microstructure

It  is  known that the mechanical property 
anisotropy is also related to the microstructure. In order 
to deeply understand the differences in the mechanical 
properties of alloys A and B, it is necessary to analyze 
their microstructures. The microstructure of alloy A 
is shown in Fig.4. It can be seen that there are lots of 
slightly elongated recrystallization grains in the alloy 
and the average size of the grains is about 22 μm. 
The grains are somewhat longer along the longitude 
than the transverse direction. This probably is one of 
the reasons why the alloy has significant mechanical 
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properties anisotropy. In addition, the microstructures 
of the surface layer and center parts are different, which 
can be clearly seen in Figs.4(a) and (c). It should result 
from the different deformation and recrystallization 
behaviors. As is shown in Figs.4(b) and (d), some fine 
particles can also be observed in the recrystallization 
grains. According to the recrystallization grain growth 
theory in Ref.[19], the particles distributing in the alloy 
matrix can have a significant effect on the deformation 
and recrystallization behaviors and texture evolution of 
the alloys during the deformation and heat treatment. 
Therefore, the observed particles should also affect the 
texture evolution.

The microstructure of alloy B is shown in 
Fig.5. The microstructure of alloy B is similar to 
that of alloy A. However, compared with alloy A, 
alloy B is composed of a more uniform through-
thickness microstructure and the grains aspect ratio 
of the longitudinal grains is smaller that can reduce 
mechanical properties anisotropy. In addition, the 

average grain size with a value of 35 μm for alloy B 
is larger, and this can also result in a lower strength 
except the chemical composition. 
3.3  Recrystallization texture

The recrystallization texture of the two alloy 
sheets is shown in Fig.6. The recrystallization texture 
of the alloy A mainly includes Cube {001}<100> and 
{114}<311> orientations with the intensities of 7.7 and 
5.4 respectively. In alloy B, the recrystallization texture 
components change slightly, mainly including Cube, 
Goss {110}<001> and R {124}<211> orientations with 
the intensities of 10.9, 2.9 and 3.2, respectively. 

Obviously, there are some differences in texture 
components between two alloy sheets, which will result 
in the different mechanical properties anisotropy. 

It is well known that the recrystallization 
behaviour of particle containing Al alloys depends on 
the precipitation state: large (>1 μm) particles will act 
as sites to promote recrystallization and tend to form 
random texture, whereas small (<1 μm) particles will 
pin on the boundaries and retard their movements and 
Cube bands will act as site to form Cube orientation[19]. 
Based on the above recrystallization texture results, 
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it can be concluded that massive small particles 
precipitated during the thermomechanical processing, 
thus the PSN effect was strongly suppressed during the 
recrystallization.

In addition, a metastable {114}<311> orientation 
in sheet A is attributed to the {114}<311> nuclei 
which have not been completely consumed by another 
preferred nuclei such as Cube, Goss and R during 
recrystallization growth stage. Hence, it can be inferred 
that sheet A was at continuous growth stage, while 
sheet B had a complete recrystallization. 

According to the results mentioned above, it 
can be seen that the mechanical properties anisotropy 
especially deep drawability is not only related to the 
microstructure, but also related to the texture. The 
r and Δr values can be improved by optimizing the 
texture. It has been also reported that even only one 
single texture component contained in an alloy, the r 
values in different directions are also different. If one 
alloy contains several different texture components, 
its r value normally can be calculated by the following 
Eq.[20]:

r=∑Vjrj                         (4)

where rj is the r value of single crystal in the j-th 
orientation, V j is the volume fraction of the j-th 
orientation. In addition, it has been reported that the 
relationship between intensity and volume fraction of 
texture can be expressed as follows[21]:

 (5)

where Z is the repeat times of a certain orientation, S0
j 

is the central intensity of the j texture component of 
Gaussian distribution, yj is the angle that deviates from 
the center when the intensity decreases from S0

j to S0
j/e. 

According to Eq.(5), it could be found that the 
volume fraction is strongly influenced by the intensity 
and deviation angle of texture component. Random and 
other low intensity components have been ignored, thus 

the calculated results listed in Table 4 are approximate 
results. The calculated results reveal that the volume 
fraction is proportional to the texture intensity.

Sidor[22] once calculated the average r and Δr values 
for some texture components using Taylor model, with 
the results shown in Table 5. According to his results, 
both the average r and Δr values for Goss orientation are 
the highest, but the average r and Δr values for the Cube 
orientation are the lowest. Accordingly, we can see that 
one single Cube orientation or Goss orientation is not 
beneficial to improve the deep drawability of alloy. 
Actually, the r values of one single texture component 
are quite different in different directions, Cube 
orientation and Goss orientation normally can produce a 
V-shaped profile (as shown in Fig.7), while R, Copper, 
S and B orientations can produce inverse V-shaped 
profile. If the alloy includes several texture components, 
its average r and Δr values can be calculated through 
Eq. (1), Eq.(2), Eq.(4) and Eq.(5). However, it is also 
difficult to obtain the accurate result by the theoretical 
calculation alone. Thus, the larger average r value of 
alloy B (as shown in Table 3) should be attributed to the 
Goss orientation, and the combination of Goss and other 
texture components finally results in the lower Δr value. 
In addition, although the formation of {114}<311> 
orientation appeared in alloy A is still unknown in 
this work, according to the average r and Δr values 
(as shown in Table 3), the {114}<311> orientations 
should be not beneficial to the improvement of deep 
drawability.
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Based on the above analysis, it can be concluded 
that even Cube and Goss orientations are detrimental to 
the improvement of deep drawability, but the final deep 
drawability is not bad because the deep drawability 
mainly depends on the combination of all the texture 
components and their corresponding volume fractions. 
Therefore, it is important to balance the texture 
components and volume fractions of them.

4  Conclusions

In order to establish the relationship among 
mechanical properties anisotropy, microstructure and 
texture for the AA6111 alloy sheets, the differences in 
the mechanical properties, microstructure and texture 
for the commercial and new developed AA6111 alloys 
were discussed in details. The results are summarized 
as follows:

a) The mechanical properties anisotropy of the 
developed AA6111 alloy is lower than that of the 
commercial alloy. The developed alloy possesses 
higher r value, lower Δr value and more uniform 
microstructure compared with commercial AA6111 
alloy, which indicates that the deep drawability of the 
developed alloy has been improved significantly. 

b) The recrystallization microstructures of the two 
alloy sheets are composed of slightly elongated grains. 
The different aspect ratios of the grains in the two 
alloy sheets help to explain the mechanical properties 
anisotropy. The average grain size of the commercial 
alloy is smaller than that of the developed alloy. 

c) The recrystallization texture of the commercial 
alloy sheet mainly includes Cube and {114}<311> 
orientations, while the recrystallization texture of the 
developed alloy sheet consists of Cube, Goss and R 
orientations. It is found that the deep drawability of 
alloy mainly depends on the combination of all texture 
components.
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