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Abstract: Tensile tests were conducted on both as-quenched and over-aged 7050 aluminum alloy
to investigate the effect of heat treatment on the in-plane anisotropy of as-rolled 7050 aluminum
alloy. The results showed that the tensile direction has limited effect on mechanical properties
of the as-quenched 7050 aluminum alloy. The in-plane anisotropy factors (IPA factor) of tensile
strength, yield strength, and elongation in as-rolled 7050 aluminum alloy fluctuate in the vicinity
of 5%. The anisotropy of the as-quenched 7050 aluminum alloy is mainly affected by the texture
according to single crystal analysis based on the Schmid factor method. Besides, the IPA factor of the
elongation in the over-aged 7050 aluminum alloy reaches 11.6%, illustrating that the anisotropy
of the over-aged 7050 aluminum alloy is more prominent than that of the as-quenched. The
occurrence of the anisotropy in the over-aged 7050 aluminum alloy is mainly attributed to the
microstructures. which are characterized by visible precipitate free zones (PFZs) and coarse
precipitates in (sub)grain boundaries.
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1. Introduction

Heat treatable high-strength aluminum alloys with high strength-density ratio and excellent
mechanical properties have already become the primary structural materials of aircraft and
vehicles [1-4]. Plastic forming is often used to achieve the final shape of high-strength aluminum alloy
products, during which the anisotropy of workability often takes place. The anisotropy is defined
as the difference between property values measured along different axes, and very likely to result in
unpredicted material flow behavior. Hence, it is meaningful to reveal the anisotropy of high-strength
aluminum alloys during plastic working, so as to precisely control the material flow pattern during
forming. Besides, high-strength aluminum alloys in the peak strength state are known to be highly
susceptible to stress corrosion cracking (SCC). However, the susceptibility of T6 temper to corrosion
can be alleviated through the utilization of over-aged T73 temper, which provides improved corrosion
resistance, but with a 10%—-15% reduction in strength [5]. Therefore, a study of effect of heat treatment,
especially over-aging, on the anisotropy of high-strength aluminum alloys during plastic forming is
necessary. Moreover, it can also help to deepen the understanding of anisotropic deformation behavior
of high-strength aluminum alloys.

It is well known that the anisotropy of aluminum alloys is mainly caused by the crystallographic
texture which develops during rolling and heat treatment operation, and the effects of crystallographic
texture can be classified into direct effects and indirect one [6-9]. Direct effects are attributed to
the orientation of crystals and slip systems with respect to applied stresses and grain morphologies.
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Engler et al. built the correlation of texture and anisotropic properties of the Al-Mg alloy 5005 based
on experiment and simulation [10,11]. Crooks et al. concluded that the anisotropy of 2195 aluminum
alloy was a direct effect of texture, with no significant contribution from precipitates [12]. Indirect
effects are suggested to be caused by work hardening and precipitation during plastic processing,
which include the orientation of precipitates with respect to slip systems, the distribution of dislocation
densities in differently orientated slip systems and the corresponding distribution of precipitates.
Yang et al. reported that the anisotropy of the extruded 7075 aluminum alloy bar was resulted from the
elongated grain microstructure and {112}<111> and {110}<111> crystal textures after extrusion [13].
Bois-Brochu et al. suggested that the strength anisotropy of Al-Li 2099 extrusions might be controlled
by the volume fraction of precipitates that could itself be related to the intensity of the <111> fiber
texture [14]. Additionally, modeling and simulation work finished by Tome et al. as well as their
viscoplastic self-consistent code implied that the microstructure was influential, but the effect became
secondary when it was compared to that of the texture [15].

As mentioned in available reports, the anisotropy of aluminum alloys may also be influenced by
microstructures, such as the average grain shape [16,17], the topology of second phase particles [18,19],
the substructure topology [20-22], etc., which are all closely related with heat treatment processes.
As reported in our previous work [23], the microstructure, which considers precipitates and PFZs,
while ignores the crystallographic texture, is the primary cause of anisotropy of the 7050 aluminum
alloy during high temperature deformation. Thus, it is suggested that the microstructure is also an
important cause of aluminum alloys’ anisotropy, and heat treatment has a significant influence on the
anisotropy of aluminum alloys.

However, few studies have concerned the relationship of heat treatment, texture, microstructure
and anisotropy of aluminum alloys, except some works reported by Engler et al., which considered
the correlation of texture, microstructure and anisotropy in 5xxx aluminum alloys during rolling
and annealing [10,11,24]. Meanwhile, to the best of our knowledge, reports on the relationship of
heat treatment, texture, microstructure and anisotropy of high-strength aluminum alloys are still
not available.

Hence, in this paper, tensile tests were carried out to study the effects of heat treatment on the
in-plane anisotropy of as-rolled 7050 aluminum alloy sheet, with attention mainly paid to the different
heat treatment conditions.

2. Experimental Section

Commercial as-hot rolled 7050 aluminum alloy plates with 80 mm in thickness were used as
sample material in this study. The chemical composition of the alloy is Al-(5.7-6.7)Zn-(1.9-2.6)Mg-
(2.0-2.6)Cu-0.1Zr-0.15Fe-0.125i-0.10Mn (in wt. %). Different directions and planes of the as-rolled
7050 aluminum alloy plate are shown in Figure 1. The centerline layer with 2 mm in thickness was
cut out from the as-rolled plate parallel to the rolling plane. Tensile specimens with a 5 mm gauge
width and a 20 mm gauge length were prepared along the rolling direction (RD), at 45° from the RD
and along the long-transverse direction (LD) respectively, as shown in Figure 2. Before tensile test,
the tensile specimens were solid solution treated at 477 °C for 1 h, and then quenched into water.
Half of the as-quenched tensile specimens were then over-aged at 100 °C for 4 h followed by another
1 h at 160 °C [25,26]. Afterward, the tensile specimens were subjected to tensile tests within 24 h
after heat treatment to investigate the effect of heat treatment on the in-plane anisotropy. Tensile tests
were carried out on an Instron-5500R universal testing machine (ITW Test & Measurement, Glenview,
IL, USA) at a strain rate of 0.5 mm/min. For each heat treatment condition, three samples were
tested, with the averaged experimental data considered as the final result. The differences of the three
measurements are less than 5%. A Hitachi S-570 scanning electron microscope (SEM, Tokyo, Japan)
was used to analyze the fracture surfaces of tested specimens. Electron back scatter diffraction (EBSD,
Oxford Instruments plc, Oxford, UK) measurement samples were mounted and electro-polished
using 10 vol. % HClOy acids in alcohol followed by examined and analyzed using HKL Channel 5



Metals 2016, 6, 79 3of11

software in a JEOL 733 electron probe (Advanced Microbeam, Vienna, OH, USA) with an accelerating
voltage of 20 kV [27]. The samples for optical microscope (OM) were mounted, polished and etched by
Keller solution (1.5% HCl + 1% HF + 2.5% HNO3 + 95% distilled water, in vol. %) for observation by
a ZEISS HAL100 microscope (Carl Zeiss Microscopy, Thornwood, NY, USA). The transmission electron
microscope (TEM) samples were thinned to about 50 um followed by electropolish in a double-jet
polishing unit operating at 15 V and —20 °C with a 30% nitric acid and 70% methanol solution, the disks
were observed in a Tecnai 20 microscope (FEI, Hillsboro, OR, USA), operating at 200 kV.
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Figure 2. Schematic of tensile specimens with different orientations.

3. Results

3.1. Textures and Grain Microstructures

It is assumed that all the tensile specimens possess of the same texture components before heat
treatment because they all were cut out from the centerline layer of an as-rolled 7050 aluminum alloy
with 80 mm in thickness. Moreover, over-aging at temperatures lower than 200 °C does not obviously
change texture components, thus, both the as-quenched and over-aged tensile specimens also have the
same texture components. The variation of orientation densities in & and f fibers of the as-quenched
7050 aluminum alloy indicates that a well-developed fiber consisting of the primary Brass orientation
{011}<211> (35°, 45°, 90°), the S orientation {123}<634> (57°, 37°, 63°), and the Copper orientation
{112}<111> (90°, 35°, 45°) is evident (see Figure 3). The Brass orientation {011}<211> is found to be the
strongest orientation along the {3 fiber and the maximal intensity of the Brass orientation {011}<211>
reaches 35.

Figure 4 is the optical micrographs showing microstructures in the transverse plane and the
longitudinal plane of the as-quenched 7050 aluminum alloy. It is demonstrated that the as-quenched
7050 aluminum alloy consists of elliptical grains in the transverse plane, as shown in Figure 4a. The size
of grains in the long-transverse direction is about five times of that in the short-transverse direction.
The average intercept length measured by random lines drawn parallel to the short-transverse direction
is higher than 50 um. The optical micrograph show that microstructures in the longitudinal plane
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consist of highly elongated and band-like grains aligned with the rolling direction (see Figure 4b).
Figure 5 presents the optical microstructures of the over-aged 7050 aluminum alloy in the transverse
plane, which mainly consist of different sized elliptical grains (see Figure 5a). The microstructures
of the over-aged 7050 aluminum alloy in the longitudinal plane contain some large elongated grains
distributing in small size grains which most likely are sub-grains (see Figure 5b). However, the average
grain size of the over-aged 7050 aluminum alloy is around 10 um and smaller than that of the
as-quenched 7050 aluminum alloy.
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Figure 3. Variation of orientation densities in « and f fibers of the 7050 aluminum alloy (a) « fiber;
(b) B fiber.

Figure 4. Optical micrographs showing microstructures of the as-quenched 7050 aluminum alloy in
(a) the transverse plane; (b) the longitudinal plane.

Figure 5. Optical micrographs showing microstructures of the over-aged 7050 aluminum alloy in
(a) the transverse plane; (b) the longitudinal plane.
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3.2. Mechanical Properties

Figure 6 shows the true stress-strain curves of both as-quenched and over-aged 7050 aluminum
alloys stretched along different directions. Mechanical properties obtained according to Figure 6 are
listed in Table 1 including tensile strength (Rp,), yield strength (Rpg») and elongation (A). Table 1 shows
that over aging can increase the strength while reduce the elongation of the 7050 aluminum alloy in
any direction.
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Figure 6. True stress-strain curves of the 7050 aluminum alloy at different tensile directions
(a) as-quenched; (b) over-aged.

Table 1. Mechanical properties of the 7050 aluminum alloy under different heat treatment conditions.

Heat Treatment As-Quenched Over-Aged
Tensile Directions 0° 45° 90° 0° 45° 90°
Rm/MPa 610 641 609 717 705 687
Rpo.2/MPa 315 345 346 581 616 581
A% 1544 156 14.08 11.68 11.08 9.56

3.3. In-Plane Anisotropy

The in-plane anisotropy of mechanical properties of the 7050 aluminum alloy is characterized by
the IPA factor presented in References [28,29], which is defined as:

(N = 1) Xmax — Xinid1 — Xmid2 = - - - Xinia(n—2) — X

IPA = mn 100% 1
(N — 1) Xmax M)

where, N is the number of specimens’ angle along the rolling direction, Xmax, Xmin and X,q are the
maximum, the minimum and the rest of mechanical properties respectively. In this study, N is set as
3, since the tensile specimens were prepared along three directions, including the rolling direction
(RD), at 45° from the RD and along the long-transverse direction (LD), respectively. So IPA factors of
mechanical properties of the 7050 aluminum alloy can be calculated by Equation (2).

_ 2Xmax - Xmid - Xmin
2Xmax

IPA x 100% 2)

IPA factors of mechanical properties of as-quenched and over-aged 7050 aluminum alloy are
calculated according to Table 1 to illustrate the effect of heat treatment on in-plane anisotropy. Figure 7
shows the IPA factors of tensile strength, yield strength, and elongation of as-quenched and over-aged
7050 aluminum alloy samples. It is shown that the IPA factors of tensile strength, yield strength
and elongation of the as-quenched 7050 aluminum alloy fluctuate in the vicinity of 5%. However,



Metals 2016, 6, 79 6 of 11

both the IPA factors of tensile strength and yield strength are lower than 6%, and while, the IPA
factor of elongation reaches 11.6% for the over-aged 7050 aluminum alloy, which is higher than that
reported in other 7xxx aluminum alloy [28,29]. The IPA factor results illustrate that tensile direction has
greater effect on elongation than tensile strength and yield strength of the over-aged 7050 aluminum
alloy. Besides, the over-aged 7050 aluminum alloy shows stronger anisotropy than the as-quenched
7050 aluminum alloy. So the effect of heat treatment on the in-plane anisotropy of the 7050 aluminum
alloy was researched by analyzing the relationship between tensile directions and elongations of the
7050 aluminum alloy with different heat treatment conditions.
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Figure 7. In-plane anisotropy (IPA) factors of mechanical properties of the 7050 aluminum alloy with
different heat treatment conditions.

4. Discussion

4.1. In-Plane Anisotropy of the As-Quenched 7050 Aluminum Alloy

Reference [23] reported that the anisotropy of 7050 aluminum alloy was mainly affected by texture
components when the alloy elements of the 7050 aluminum alloy are in solution. It is suggested that
the texture components are the primary cause of anisotropy of the as-quenched 7050 aluminum alloy.

Changes of orientation densities in oc and (3 fibers of the as-quenched 7050 aluminum alloy imply
that the texture components contain the Brass orientation {011}<211> (35°, 45°, 90°), the S orientation
{123}<634> (57°, 37°, 63°), and the Copper orientation {112}<111> (90°, 35°, 45°). The intensity of the
Brass orientation {011}<211> is 35, much higher than those of the other texture components, indicating
that the Brass orientation {011}<211> is the main texture component affecting the in-plane anisotropy
of the as-quenched 7050 aluminum alloy. The single crystal analysis, which ignores the rotation of the
crystal and the interaction between slip systems, will be conducted on the as-quenched 7050 aluminum
alloy based on the Schmid factor (1m = cos(¢)cos(A)) method as follows.

It is assumed that the as-quenched 7050 aluminum alloy only comprises the Brass orientation
{011}<211> and is considered as a single crystal. The spatial relationship between four possible {111}
planes of the as-quenched 7050 aluminum alloy and the Brass orientation {011}<211> is shown in
Figure 8. It is demonstrated that (111) plane and (111) plane are normal to the rolling plane of the
as-quenched 7050 aluminum alloy sheet. The angles between the (111) plane, (111) plane and the
rolling plane are all 35.3°. The deformation behavior of the single crystal with the Brass orientation
{011}<211> along the rolling direction (RD) and the long-transverse direction (LD) was analyzed to
represent that of the as-quenched 7050 aluminum alloy.
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Figure 8. Space relationships of four possible {111} slip planes with the Brass orientation {110}<112>.

Schmid factors of the slip system {111}<110> for a single crystal with the Brass orientation
{011}<211> along the rolling direction (RD), at 45° from the RD and along the long-transverse direction
(LD) are presented in Table 2. It is shown that the Schmid factors of slip systems (111)[101] and
(111)[011] along the rolling direction (RD) are the biggest and reach 0.408. So the two slip systems
with the Schmid factors of 0.408 are the easiest to be activated in the as-quenched 7050 aluminum

alloy, which is assumed to be single crystal with the Brass orientation {011}<211>. For the slip system

(111)[101], the angles between it and the short-transverse direction [110], the rolling direction [112],

and the long-transverse direction [111] are 60°, 30° and 90°, respectively. Meanwhile, for the slip
system (111)[011], the angles between it and the short-transverse direction [110], the rolling direction

[112], and the long-transverse direction [111] are 120°, 30° and 90°, respectively. The two slip systems
(111)[101] and (111)[011] are the easiest to be activated during tensile deformation along the rolling
direction. Hence, during the deformation of the as-quenched 7050 aluminum alloy with the Brass
orientation {011}<211> single crystal along the rolling direction, the sample thickness decreases, the
elongation along the tensile direction (RD) increases, while the sample width almost keeps constant.
Besides, 86.6% stress acts in the tensile direction to make the as-quenched 7050 aluminum alloy
elongate in that direction.

Table 2. Schmid factors of the slip system {111}<110> for various tensile orientations.

Slip Plane  Slip Direction 0° 45° 90°
[110] 0 0 0
(111) [011] 0 0.4330 0
[101] 0 0.4330 0
[110] 0 0 0
(111) [011] 01361 03368 02722
[101] 0.1361 0.3368 0.2722
[110] 02722 0.0962 02722
(111) [011] 0.1361 0.0364 0.2722
[101] 04082 00598 0
[110] 02722 0.0962 0.2722
(111) [011] 0.4082  0.0598 0
[101] 0.1361 0.0364 0.2722

It is shown in Table 2 that Schimd factors of slip systems (111)[011], (111)[101], (111)[110],
(111)[011], (111)[110] and (111)[101] all are the maximal value of 0.2722 when the tensile direction
is [111] and along the long-transverse direction (LD). Thus, it is indicated that the six slip systems
mentioned above in the as-quenched 7050 aluminum alloy with the Brass orientation {011}<211> single
crystal were operated at the same time. Table 3 is the shear stress distribution of the six slip systems
in the three directions (the rolling direction, the short-transverse direction and the long-transverse
direction) in the Brass orientation {110}<112> when the tensile direction is along the long-transverse

direction. It is shown that during the tensile deformation along the long-transverse direction in the
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as-quenched 7050 aluminum alloy with the Brass orientation {011}<211> single crystal, the thickness
and width decreases while the elongation of the tensile direction increases. Furthermore, 81.7% shear
stress acts in the tensile direction to make the as-quenched 7050 aluminum alloy elongate in the tensile
direction. So the strengths of the as-quenched 7050 aluminum alloy along different directions are
similar, as shown in Table 1. The difference of elongation along different directions is small and the
IPA factor of elongation is only 5.4%.

Table 3. Shear stress distribution of slip systems in the three directions of the Brass orientation
{110}<112> when the tensile direction is along the long-transverse direction.

Slip System/Direction =~ RD[112] ST[110] LT[111]

(111)[011] 1/4/12 1/2 —2//6
(111)[101] 1/v/12 -1/2 —2/1/6
(111)[110] —/1/3 0 2/v/6
(111)[011] 1/4/12 1/2 —2/4/6
(111)[110] —/1/3 0 2//6
(111)[101] 1/v/12 -1/2 —2/4/6

4.2. In-Plane Anisotropy of the Over-Aged 7050 Aluminum Alloy

The above analysis shows that the texture components in the over-aged 7050 aluminum alloy,
which are similar to those in the as-quenched 7050 aluminum alloy, can only result in slight anisotropy.
So the effect of tensile direction on the elongation of the over-aged 7050 aluminum alloy is attributed
to the microstructure instead of texture, similarly to what was reported in Reference [30].

TEM images show that precipitates can be founded in the over-aged 7050 aluminum alloy,
with small size precipitates uniformly distributing inside grains (see Figure 9a). Coarse precipitates
in grain boundaries or subgrain boundaries are visible in the over-aged 7050 aluminum alloy (see
Figure 9b). As indicated by arrows in Figure 9b, PFZs are very visible and the widths of the PFZs
are less 100 nm. The small size precipitates inside grains have limited influence on the elongation
of the as-rolled 7050 aluminum alloy. However, coarse precipitates in grain boundaries or subgrain
boundaries and obvious PFZs have a significant effect on the plastic deformation behavior and
elongation of the as-rolled 7050 aluminum alloy [23].
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Figure 9. TEM micrographs showing microstructures of the over-aged 7050 aluminum alloy
(a) precipitates inside grains; (b) precipitates in grain boundaries and subgrain boundaries.

Figure 10 shows the fracture surfaces of the over-aged 7050 aluminum alloy stretched along
different directions. It is implied that the fracture surfaces stretched along different directions are
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different from ordinary ductile transgranular fracture surface of aluminum alloys characterized by
dimples with different sizes. The fracture surfaces are intergranular, in which the initial grain structures
and grain boundaries can be clearly distinguished. The grain size of the fracture surface of the
over-aged 7050 aluminum alloy stretched along the rolling direction is about 10 pm, which is consistent
with the optical microstructure results (see Figures 5a and 10a). Big size elongated grains were observed
in the fracture surface of the over-aged 7050 aluminum alloy stretched along the long-transverse
direction, which consist of small size grains (see Figure 10b). Figure 9 shows that the size of precipitates
in grain boundaries and subgrain boundaries is bigger than that inside grains. It is easy to be eroded
for the subgrain boundaries as the grain boundaries. So the small size grains in Figures 5b and 10b are
subgrains in nature. Similar research results have also been reported in our previous studies [23,31,32].

Figure 10. SEM micrographs showing fracture surfaces of the over-aged 7050 aluminum alloy along
different directions (a) the rolling direction (RD); (b) the long-transverse direction (LT).

During plastic deformation of the over-aged 7050 aluminum alloy, dislocations bow around, but
do not cut through, the precipitates with big size and high hardness. At the same time, the precipitates
in subgrain boundaries pin and inhibit the migration of subgrain boundaries. However, the friction
of dislocations movement in PFZs is lower than that inside the grains because there are only a few
precipitates in PFZs of the over-aged 7050 aluminum alloy. Meanwhile, alternate slipping is easy
to occur in PFZs because of few precipitates in (sub)grain boundaries and property of texture (slip
systems are nearly parallel to (sub)grain boundaries). Thus, there are more plastic strains in PFZs than
those inside the grains. It is to say that the in-plane anisotropy of the over-aged 7050 aluminum alloy
has a primary relationship with PEZs’ shapes, viz. grains’ and subgrains’ shapes. The greater difference
of grains” and subgrains’ shapes in different planes, as shown in Figures 5 and 10 is the primary cause
of higher IPA factor in the elongation of the over-aged 7050 aluminum alloy. Figures 5a and 10a show
that the grain size in the transverse plane of the over-aged 7050 aluminum alloy is smaller than that
in the longitudinal plane. So the PFZs can provide more strains when the over-aged 7050 aluminum
alloy is stretched along the rolling direction, than being stretched along the long-transverse direction.
Besides, intergranular fractures in Figure 10 indicate cracks in the over-aged 7050 aluminum alloy
grow mainly along (sub)grain boundaries. So the smaller the grain size of fracture surfaces, the
longer the crack propagation path before failure will be, impling that the elongation of the over-aged
7050 aluminum alloy along the rolling direction is higher than that along the long-transverse direction.
The above analyzes also reveal that the elongation and microstructure results are consistent with
fracture surfaces.
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5. Conclusions

@

@)

®)

(4)

For the as-quenched 7050 aluminum alloy, the tensile direction has little effect on anisotropies
of mechanical properties, and the IPA factors of tensile strength, yield strength and elongation
fluctuate in the vicinity of 5%.

For the over-aged 7050 aluminum alloy, the difference of IPA factors of mechanical properties is
apparent. The tensile direction has a significant effect on the elongation, and the IPA factor of
elongation reaches 11.6%.

The intensity of the Brass orientation {011}<211> in the as-quenched 7050 aluminum alloy is
much higher than those of the other texture components. The influence of texture on the in-plane
anisotropy of the as-quenched 7050 aluminum alloy is revealed by building the relationship
between the elongation and the Brass orientation {011}<211> using the single crystal analysis
based on the Schmid factor method.

The microstructures of the over-aged 7050 aluminum alloy are characterized by obvious PFZs
and coarse precipitates in (sub)grain boundaries. Deformation is easier to take place in PFZs
than that inside grains. The shapes of PFZs, viz. grains’ and subgrains’ shapes, are the primary
cause of the in-plane anisotropy in the over-aged 7050 aluminum alloy.
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