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Figure 2. SEM images of the as-annealed and cold-rolled AA6061 alloy showing the dark and bright
particles; (A) surface region, and (B) center portion; (a) as-annealed, (b) ∆t/t0 = 10%, (c) ∆t/t0 = 30%,
(d) ∆t/t0 = 50%, (e) ∆t/t0 = 70%, and (f) ∆t/t0 = 90%.

3.1. Texture Analysis

Figure 3 shows three-dimensional ODF of the as-annealed and cold-rolled specimens with
different thickness reductions. It is evident that the texture of the AA6061 specimens mainly consists
of two types of textures: recrystallization (softening) texture and deformation texture, which include
six components of Cube ({100} <001>) (C), Goss ({011} <001>) (G), Brass ({011} <211>) (B), S ({123}
<634>), Copper ({112} <111>), and R-cube ({100} <011>) (R-C) components. In general, Cube, Goss and
R-cube components are referred to softening texture because of the negative rate of work hardening.
Copper, S and Brass components are hardening orientations because the rate of work hardening is
positive for deformed metal [10]. For the as-annealed specimen, there is a typical cube recrystallization
texture of {100} <001>, suggesting that the heat treatment of the AA 6061 alloy at 320 ◦C accelerated
the cube-oriented grains in the deformed matrix to undergo recovery in comparison with grains of
other orientations [18].

The cold-rolled specimens exhibit the β-fiber rolling texture, which extends from the {112} <111>
Copper component through the {123} <634> S component to the {011} <211> Brass component. Such a
result is in accordance with the results given by Wen et al. [19]. There is almost no Cube component in
the cold-rolled specimens. This trend suggests the transform of the Cube component to the components
of Brass, Copper, and S. Increasing the thickness reduction causes the decrease of the intensity of the
recrystallization texture, the increase of the intensity of the deformation texture, and the increase of the
strength of the β-fiber rolling texture. The larger the thickness reduction, the stronger is the β-fiber
rolling texture. The general features of the textures of the cold-rolled AA6061 alloy remain relatively
unchanged, while the intensities of the textures increase with increasing the thickness reduction,
as expected.

The texture effect on the deformation of metals is dependent on the types of textures
(recrystallization or deformation). It is of great importance to examine the variation of the total
components of both the recrystallization texture (softening orientations) and the deformation texture
(hardening orientations). Figure 4 shows the dependence of the volume fractions of the recrystallization
texture and the deformation texture on the thickness reduction. It is evident that increasing the
thickness reduction (plastic deformation) during the cold rolling results in the decrease of the volume
fraction of the recrystallization texture and the increase of the volume fraction of the deformation
texture, which can be attributed to the transform of the Cube component and random texture to the
components of the deformation texture.
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3.2. Indentation Deformation

Different from the work by Yang et al. [15], we are focused on the local deformation behavior
of the center portion of the transverse cross-section of the cold-rolled specimens. Figure 5 shows the
load–displacement curves for the indentations of the as-annealed and cold-rolled AA6061 specimens
with the maximum normal load of 200 mN, which exhibits a similar trend to the loading–unloading
curves for the normal load of 400 mN, as reported by Zhou et al. [20]. There are no pop-in and pop-out
events for the loading and unloading phases. Both the maximum indentation depth and the contact
depth are decreasing functions of the thickness reduction, revealing the increase in the resistance to
the penetration of the indenter onto the Al alloy with increasing the plastic deformation through the
cold rolling. Such behavior is attributed to the rolling-induced increase of the dislocation density in
the plastically deformed Al alloy. This trend is similar to the trend that the volume fraction of the
recrystallization textures is a decreasing function of ∆t/t0, as shown in Figure 4. With the increase
of the cold rolling, the number of grains with less internal stresses (dislocation density) decreases,
and there are more and more grains with large internal stresses (dislocation density) in the Al alloy.

Materials 2018, 11, x FOR PEER REVIEW  7 of 11 

 

 

Figure 4. Variation of the volume fractions of textures with the thickness reduction. 

3.2. Indentation Deformation 

Different from the work by Yang et al. [15], we are focused on the local deformation behavior of 

the center portion of the transverse cross-section of the cold-rolled specimens. Figure 5 shows the 

load–displacement curves for the indentations of the as-annealed and cold-rolled AA6061 specimens 

with the maximum normal load of 200 mN, which exhibits a similar trend to the loading–unloading 

curves for the normal load of 400 mN, as reported by Zhou et al. [20]. There are no pop-in and pop-

out events for the loading and unloading phases. Both the maximum indentation depth and the 

contact depth are decreasing functions of the thickness reduction, revealing the increase in the 

resistance to the penetration of the indenter onto the Al alloy with increasing the plastic deformation 

through the cold rolling. Such behavior is attributed to the rolling-induced increase of the dislocation 

density in the plastically deformed Al alloy. This trend is similar to the trend that the volume fraction 

of the recrystallization textures is a decreasing function of Δt/t0, as shown in Figure 4. With the 

increase of the cold rolling, the number of grains with less internal stresses (dislocation density) 

decreases, and there are more and more grains with large internal stresses (dislocation density) in the 

Al alloy.  

 

Figure 5. Load–displacement curves for indentations of the as-annealed and cold-rolled AA6061 alloy 

at a normal load of 200 mN. 

Figure 5. Load–displacement curves for indentations of the as-annealed and cold-rolled AA6061 alloy
at a normal load of 200 mN.

The Vickers hardness, HV, which represents the resistance to local plastic deformation, can be
calculated as:

HV =
1.854F

D2 , (1)

where F is the normal load, and D is the diagonal length of the impression on the indented surface.
Figure 6 shows the dependence of the Vickers hardness on the thickness reduction. The Vickers
hardness is an approximately linearly increasing function of the thickness reduction, as expected,
due to the increase of the dislocation density in the plastically deformed AA6061 specimens.

From Figure 4, we note that the volume fractions of the deformation texture also increase with
the thickness reduction. To examine if there exists any connection between the change of the Vickers
hardness and the deformation texture, the volume fraction of the deformation texture is also included
in Figure 6. It is interesting to note that the volume fraction of the deformation texture displays almost
the same increasing trend as the Vickers hardness for ∆t/t0 > 30%. For ∆t/t0 ≤ 30%, the trends are
different. Such behavior may imply the possible connection between the deformation texture and the
dislocation density, i.e., the variation of the deformation texture (Copper, S and Brass components)
may be associated with the increase of the dislocation density (the rate of work hardening) and the
dislocation motion in FCC (face-centered cubic) metals with severe deformation.
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Figure 6. Dependence of the Vickers hardness on the thickness reduction for the indentation of the
as-annealed and cold-rolled specimens at the normal load of 200 mN.

It is known that there exists strain hardening associated with multiplication of dislocations and
the increase of dislocation density, which leads to the increase in the resistance to the dislocation
motion. Generally, the strain dependence of plastically deformed metal, σ, can be expressed as [21]

σ = σ0 + αµbεn
e f f , (2)

where σ0 is the flow stress at the reference state of εeff = 0, εeff is the effective strain, α is a constant, µ is
the shear modulus, n is strain exponent, and b is the magnitude of Burgers vector. For a cold-rolled
AA6061 Al sheet, the effective strain can be calculated from the thickness reduction as:

εe f f = ln(
t0

t
) = − ln(1 − ∆t

t0
), (3)

with t being the thickness of the cold-rolled AA6061 Al sheet, t0 being the thickness at the state of
εeff = 0, and ∆t/t0 being the thickness reduction. Substituting Equation (3) into (2) and using the
relationship of HV = 3σ, we obtain:

HV = H0 + 3αµbεn
e f f = H0 + 3αµb

[
− ln(1 − ∆t

t0
)
]n

(4)

Figure 7 depicts the dependence of the Vickers hardness on the effective strain for the
as-annealed and cold-rolled specimens with the indentations performed at the normal load of 200 mN.
Using Equation (4), we fit the data shown in Figure 7, and include the fitting curve in Figure 7.
Evidently, Equation (4) fits the data well, and the fitting result yields n = 0.5. This result confirms the
dominant role of the dislocation motion in controlling the local deformation of the cold-rolled AA6061
alloy. Such a result together with the trend shown in Figure 6 indirectly reveals the effect of dislocation
motion on the evolution of the deformation texture and supports that the variation of the deformation
texture can be attributed to the increase of the dislocation density and the dislocation motion.
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Figure 7. Dependence of Vickers hardness on effective strain for the as-annealed and cold-rolled
specimens with the indentations performed at the normal load of 200 mN.

It is known that the plastic energy dissipated during mechanical deformation is associated with
the ductility of the material. Using the loading–unloading curves shown in Figure 5, one can calculate
the plastic energy dissipated in an indentation cycle, Eplastic, as:

Eplastic =
∫ δmax

0
Fdδ−

∫ δmax

δr
Fundδ, (5)

where δmax is the maximum indentation depth, δris the residual indentation depth, and Fun is the
normal load applied to the indenter for the unloading process.

Figure 8 shows the variation of the plastic energy dissipated in an indentation cycle for
indentations of the as-annealed and cold-rolled specimens at the normal load of 200 mN. It is evident
that Eplastic is a nonlinear decreasing function of ∆t/t0. The specimen with ∆t/t0 = 0 has the largest
energy dissipation and ductility, and the cold-rolled specimen of 90% in the thickness reduction has
the least energy dissipation and ductility. Such a result is due to that plastic deformation causes
the increase in dislocation density. The larger the thickness reduction, the more severe is the plastic
deformation, and the higher is the dislocation density. Note that plastic deformation is a function of
the microstructure (internal stress) in the materials, which needs to be considered in the calculation of
the energy dissipation for the plastic deformation of crystallized metals.

Materials 2018, 11, x FOR PEER REVIEW  10 of 11 

 

microstructure (internal stress) in the materials, which needs to be considered in the calculation of 

the energy dissipation for the plastic deformation of crystallized metals. 

 

Figure 8. Plastic energy dissipated in the indentation of the as-annealed and cold-rolled specimens at 

the normal load of 200 mN. 

4. Conclusions 

AA6xxx Al alloys have potential as structural materials in the applications of automobile and 

aerospace industries. It is of great importance to investigate the effect of plastic deformation on the 

microstructure and mechanical behavior of AA6xxx Al alloys for analyzing the structural integrity of 

the mechanical structures made from AA6xxx Al alloys.  

Using the cold-rolling processing, plastic deformation was introduced in AA6061 Al sheets. 

Grains elongate along the rolling direction during the cold rolling, which causes the changes of 

textures. The grain elongation is an increase function of Δt/t0 likely due to the compression 

deformation of grains during the rolling. A slight difference in the grain sizes exist between the 

material near the free surface and the material around the center portion for a small reduction in the 

thickness. Increasing the thickness reduction (plastic deformation) leads to the decrease of the volume 

fraction of the recrystallization texture and the Cube component as well as the increase of the volume 

fraction of the deformation texture due to the transform of the Cube component and random texture 

to the components of the deformation texture.  

Microindentations of the as-annealed and cold-rolled AA6061 Al sheets were performed. The 

Vickers hardness is an approximately linearly increasing function of the thickness reduction, and 

displays almost the same increase trend as the volume fraction of the deformation texture for the 

thickness reduction larger than 30%. Such behavior may imply that the variation of the deformation 

texture is dependent on the dislocation density and the dislocation motion in FCC metals with severe 

deformation. A simple relation between the Vickers hardness and the thickness reduction is 

established and used to curve-fit the experimental results. The curve fitting gives the strain exponent 

of 0.5, which confirms the dominant role of the dislocation motion in controlling the local deformation 

of the cold-rolled AA6061 alloy. 

Author Contributions: Conceptualization, D.Z. and F.Y.; Methodology, D.Z.; Software, X.W.; Validation, W.L., 

J.Q. and F.Y.; Formal Analysis, D.Z.; Investigation, D.Z.; Resources, W.D.; Data Curation, D.Z.; Writing—

Original Draft Preparation, D.Z.; Writing—Review and Editing, F.Y.; Visualization, X.W.; Supervision, W.L.; 

Project Administration, W.L.; Funding Acquisition, W.L.  

Funding: This research was funded by the National Natural Science Foundation of China, Grant No. 51301118 

and 51175363. 

Figure 8. Plastic energy dissipated in the indentation of the as-annealed and cold-rolled specimens at
the normal load of 200 mN.



Materials 2018, 11, 1866 10 of 11

4. Conclusions

AA6xxx Al alloys have potential as structural materials in the applications of automobile and
aerospace industries. It is of great importance to investigate the effect of plastic deformation on the
microstructure and mechanical behavior of AA6xxx Al alloys for analyzing the structural integrity of
the mechanical structures made from AA6xxx Al alloys.

Using the cold-rolling processing, plastic deformation was introduced in AA6061 Al sheets. Grains
elongate along the rolling direction during the cold rolling, which causes the changes of textures.
The grain elongation is an increase function of ∆t/t0 likely due to the compression deformation
of grains during the rolling. A slight difference in the grain sizes exist between the material near
the free surface and the material around the center portion for a small reduction in the thickness.
Increasing the thickness reduction (plastic deformation) leads to the decrease of the volume fraction of
the recrystallization texture and the Cube component as well as the increase of the volume fraction
of the deformation texture due to the transform of the Cube component and random texture to the
components of the deformation texture.

Microindentations of the as-annealed and cold-rolled AA6061 Al sheets were performed.
The Vickers hardness is an approximately linearly increasing function of the thickness reduction,
and displays almost the same increase trend as the volume fraction of the deformation texture for the
thickness reduction larger than 30%. Such behavior may imply that the variation of the deformation
texture is dependent on the dislocation density and the dislocation motion in FCC metals with severe
deformation. A simple relation between the Vickers hardness and the thickness reduction is established
and used to curve-fit the experimental results. The curve fitting gives the strain exponent of 0.5, which
confirms the dominant role of the dislocation motion in controlling the local deformation of the
cold-rolled AA6061 alloy.
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