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Abstract: In the present work, the influence of Cu content on microstructure, mechanical properties
and exfoliation corrosion behaviors of Al-Zn-Mg-xCu alloy extrusions has been investigated in
longitudinal-transverse (L-T) and short-longitudinal (S-L) directions by means of mechanical
tensile and exfoliation corrosion testing combined with optical microscopy (OM), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The results showed that a higher
Cu content significantly decreased the fracture toughness and ductility of the alloy in S-L direction
compared with L-T direction. Concomitant with the increase in Cu content, a transition in fracture
mode was observed from transgranular dimpled rupture to intergranular rupture in S-L direction.
Moreover, the exfoliation corrosion (EXCO) resistance of the alloy decreased as the Cu content
increased and the exfoliation corrosion resistance of the alloy in short-transverse (5-T) direction was
better than that of L-T direction. These results were mainly associated with the large number of
coarse intermetallics caused by high Cu content in the L-T direction of alloy.

Keywords: Al-Zn-Mg-Cu aluminum alloy; Cu; anisotropy; exfoliation corrosion resistance

1. Introduction

Nowadays, the 7xxx series of aluminum alloys have been widely applied in the aerospace
industry, profiting from their excellent combination of low density, high specific strength and high
toughness [1,2]. With the rapid development of the aerospace industry and the innovation of
science and technology, the demand for large-scale structural parts of high strength Al-Zn-Mg-Cu
aluminum alloy is more urgent. Aiming at the requirements of large-scale, integrated, lightweight
and high-reliability of aerospace aluminum alloy structural parts, it is urgent to develop high-strength,
high-toughness and thick-section aluminum alloy materials with low anisotropy and high hardenability
to realize the integration of large and complex aluminum structural parts [3,4].

At present, the typical Al-Zn-Mg-Cu aluminum alloys for the production of large-size thick plates
and forgings are 7050 and 7085 aluminum alloys. For example, the 7050-T7451 pre-stretched thick
plates are used as fuselage frame, longeron, empennage and so forth, of the aircraft, which have been
widely used in the US fourth-generation fighters F22, F35 and Boeing 777 aircraft. 7085-T7452 forgings
have been successfully applied to important bearing members such as longeron and landing gears in
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Boeing 787 and Airbus A380 aircraft [5-7]. With the development of aerospace industry, the demand
for large-sized cross-section components (especially thick plates) is becoming more and more urgent
and the requirements such as hardenability and mechanical property uniformity of the alloy are also
becoming stricter [8-10]. Wu et al.’s research showed that the anisotropy of fatigue crack propagation
was ascribed to the coarse inclusion particles and T precipitates [11]. Jata et al. suggested that the
yield stress anisotropy may be due to the combined synergistic effect of particles and crystallographic
texture [12]. Hu et al. showed that the occurrence of the anisotropy in over-aged 7050 aluminum alloy
was mainly attributed to the microstructures, which were further characterized by visible precipitate
free zones (PFZs) and coarse precipitates in (sub)grain boundaries [13]. However, there are few studies
on the influence of alloy composition on the anisotropy of mechanical properties for Al-Zn-Mg-Cu
aluminum alloy thick plate or forging, such as the Cu element. As the main alloying element of
Al-Zn-Mg-Cu alloy, Cu has its solid solution strengthening effect and its addition could change the
precipitation phase structure of the alloy and make the aging precipitates more dispersed and uniform,
which could improve the strength and plasticity of the alloy. However, as the content of Cu increases,
the alloy will have a problem of high corrosion sensitivity. Marlaud et al. observed that the precipitates
were easy coarsening in the lower Cu-containing alloy due to slower diffusivity of Cu in Al compared
to Mg and Zn atoms [14]. Knight et al. believed that the reduction of quenching rate contributed to the
increase of Cu content in grain boundary, thereby improving the stress corrosion resistance [15]. It has
also been reported that the increase of Cu content in the alloy would lead to an increase in the number
of intermetallics and a decrease in the corrosion resistance of the alloy [16].

In this work, Al-Zn-Mg-xCu aluminum alloys were used as the research object to study the effect
of Cu content on the microstructure, mechanical properties anisotropy and corrosion properties of
Al-Zn-Mg-xCu alloys. Our aim is to provide guidance for improving the comprehensive properties of
Al-Zn-Mg-Cu aluminum alloy plate or forging.

2. Materials and Methods

Al-Zn-Mg-Cu alloy were prepared by a casting metallurgy method and the chemical compositions
were measured by inductively coupled plasma optical emission spectroscopy (ICP-OES, Huaxu, Beijing,
China) and the results were showed in Table 1. The ingot was graded homogenization annealing
in a resistance air furnace: it was kept at 410 °C for 4 h, subsequently heated to 475 °C for 24 h at a
heating rate of 0.8 °C/min and air-cooled. The samples were subjected to multidirectional forging
at 430 °C with a compression speed of 5 mm/s by using a 5 MN numerically-controlled hydraulic
press (YH27-500T, Hefei Forging Machine Co., Ltd., Hefei, China). In each upset forging process,
the specimens were compressed along different axes with a height reduction of 50%. The principle
of multi-directional forging could refer to reference [17], which includes 6 instances of upset forging,
6 instances of stretch-forging and 1 instance of shape-forging to obtain the final forging of 150 mm X
60 mm X 50 mm. The extrusion deformation was carried out on a 500 t press, the size of the extrusion
nozzle was 50 mm x 50 mm and the extrusion speed was appropriately controlled to ensure the
uniformity of the deformed structure. The samples were solution treated at 470 °C for 1 h, quenched in
room temperature water and undergone three-step aging (110 °C, 6 h) + (160 °C, 8 h, water quenching)
+ (120 °C, 24 h, air cooling), then the alloy structure was observed and the mechanical properties and
corrosion performance were analyzed.

Table 1. The chemical compositions of alloys (wt.%).

Alloys Zn Mg Cu Ti Zr Al
0.98 wt.%Cu 7.60 1.60 0.98 0.028 0.129  Bal
1.45 wt.%Cu 7.66 1.64 1.45 0.027 0.129  Bal
1.69 wt.%Cu 7.63 1.62 1.69 0.028 0.129  Bal

2.02 wt.%Cu 7.64 1.61 2.02 0.028 0.129 Bal.
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The alloy was sampled as shown in Figure 1 with longitudinal-transverse (L-T) along the extrusion
direction and short-transverse (S-T) in the vertical extrusion direction. The structure of alloy was
observed in a DM4000M (Leica, Wizz, German) intelligent microscope. The fracture morphology after
stretching at room temperature was measured using a JSM-6360 (JEOL, Tokyo, Japan) LV scanning
electron microscope (SEM). The atomic ratio of the elements in the second phase was determined by
energy spectrum analysis (EDS, Apollo XP, AMETEK, Berwyn, PA, USA) to determine the type of the
second phase. The microstructures of the alloy were observed under a JEM-2100F (JEOL, Tokyo, Japan)
transmission electron microscope (TEM).
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Figure 1. Sampling direction of the test specimen.

The fracture toughness test is performed according to GB4161-2007 standard. Mechanical
properties test was performed on a smooth specimen by a CS5-44100 testing machine at room
temperature with tensile speed of 2 mm/min. The specimen was extracted from 1/2 position of
the extrusion bar for testing. In the test, five times of tensile tests were carried out for each Cu
content alloy.

The EXCO test was performed according to GB/22639-2008 standard and the corrosive medium
was a standard EXCO solution (4 mol/L NaCl + 0.4 mol/L KNO3 + 0.1 mol/L HNOj3 in 25 + 1 °C).
After immersing for 24 h, the sample was rinsed with water and the surface corrosion product was
removed with a 30% nitric acid solution, subsequently washed with water, dried and the corrosion
grade was evaluated according to the national standard. In the EXCO experiment, each Cu content
alloy was subjected to 3 tests.

3. Results

3.1. Optical Microstructure

Figure 2 shows the optical microstructure of the samples with different Cu content. It could be
seen that after plastic deformation, the L-T direction grain of the alloy is elongated (Figure 2a—d) and
the coarse intermetallics is mainly distributed along the deformation direction at the grain boundary or
subgrain boundary. However, the S-T direction grain structure of the alloy is disc-shaped (Figure 2e-h)
and the intermetallics is randomly distributed. There are almost no intermetallics in the alloy when
the Cu content is 0.98 wt.% (Figure 2a,e), Instead, there are many coarse black intermetallics in the
alloy when the Cu content is 2.02 wt.% (Figure 2d-h). Moreover, the degree of recrystallization in the
L-T and S-T directions increases with the Cu content increases.
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Figure 2. Optical micrographs of the aged alloys: (a,e) 0.98 wt.%Cu; (b,f) 1.45 wt.%Cu; (c,g) 1.69
wt.%Cu; (d,h) 2.02 wt.%Cu; L-T: (a—d); S-T: (e-h).

3.2. Second Phase Analysis

Figure 3 shows the SEM morphology of the intermetallics (the second phase) in different Cu
content alloys. Table 2 shows the count, average area and area fraction analysis of the second phase
in the alloy. Figure 3 and Table 2 analysis show that the number and size of intermetallics in the L-T
and S-T directions all increase with the increase of Cu content but there are some differences in the
distribution. The intermetallics of L-T direction changes from discrete distribution to chain distribution,
whereas the intermetallics in S-T direction are randomly distributed. Energy spectrum analysis for the
2.02 wt.%Cu alloy shows that the phase rich in Cu and Fe is Al;CuyFe and the phase rich in Cu and
Mg is S (Al,CuMg) (Figure 4).

(a)

Figure 3. SEM images of the alloys with different Cu contents: (a,e) 0.98 wt.%Cu; (b,f) 1.45 wt.%Cu;
(c,g) 1.69 wt.%Cu; (d,h) 2.02 wt.%Cu; L-T: (a-d); S-T: (e-h).
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Table 2. Analysis of the count, average area and area fraction of second phase in the alloy.

Alloys Count Average Area (um?) Area (%)
0.98 wt.%Cu (L-T) 205 134 0.11
0.98 wt.%Cu (5-T) 241 1.33 0.09
1.45 wt.%Cu (L-T) 244 1.51 0.17
1.45 wt.%Cu (S-T) 312 1.48 0.12
1.69 wt.%Cu (L-T) 314 1.68 0.26
1.69 wt.%Cu (S-T) 349 1.63 0.22
2.02 wt.%Cu (L-T) 363 201 0.34
2.02 wt.%Cu (S-T) 353 1.79 0.27

Figure 4. EDS element spectrum of the second phase for 2.02 wt.%Cu alloy: (a,al,a2) Al;Cu,Fe;
(b,b1,b2) Al,CuMg.

3.3. TEM Observation

Figure 5 shows the TEM morphology of the aged alloy and Table 3 displays the results of grain
boundary precipitation (GBP) microstructure feature of the alloys. We can see that the average size,
area fraction and spacing of the GBP all increase as the Cu content increases. Moreover, the size of the
GBP in S-T direction is larger and the precipitation free zone (PFZ) in S-T direction is wider compared
with that of L-T direction.

Figure 5. TEM images of the alloys: (a) 0.98 wt.%Cu (L-T); (b) 0.98 wt.%Cu (S-T); (c) 2.02 wt.%Cu (L-T);
(d) 2.02 wt.%Cu (S-T).
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Table 3. Summary of data showing grain boundary microstructures of the alloys.

Alloys PFZ Width (nm) GBPs Size (nm) GBPs A¢ (%)
0.98 wt.%Cu (L-T) 247 +£22 154 £32 172 +15
0.98 wt.%Cu (S-T) 272+ 1.6 15.7 £3.0 179 +£1.9
2.02 wt.%Cu (L-T) 281+ 1.6 26.1+34 23.6+1.8
2.02 wt.%Cu (S-T) 314+1.9 267 £2.7 248+24

3.4. Fracture Toughness

The fracture toughness test is performed according to GB4161-2007 standard. In the test, five times
of tensile tests are carried out for each Cu content specimen. Figure 6a shows the data of fracture
toughness with error bars and Figure 6b is the data of plane anisotropy index (IPA) of the alloys
with different Cu contents. Figure 6a indicates that the fracture toughness of the alloy in the L-T/S-L
directions first increases and then decreases when the Cu contents increase from 0.98 wt.% to 2.02 wt.%
and the fracture toughness of the alloy in the L-T/S-L directions reach the maximum values of
35.4/30.8 MPa-m'/2 when the Cu content is 1.45 wt.%. Moreover, the IPA values gradually increase
with the Cu contents increase (Figure 6b) and the IPA reaches a minimum value of 9.6% when the Cu
content is 0.98 wt.%. Here, the IPA is defined according to reference [18]:

IPA = (Xmax - Xmin)/Xmax x 100% (1)

where Xmax and Xmin represent the maximum and minimum values of fracture toughness, respectively.
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Figure 6. Fracture toughness and IPA of the alloys with different Cu contents: (a) Fracture toughness;
(b) IPA.

3.5. Fracture Morphology

Figure 7 shows the SEM fracture morphologies of the alloys with different Cu contents.
Figure 7a—d show the fracture morphology of the alloy in L-T direction, we can see that the dimples
of transgranular fracture in the alloy are obviously shallow in depth, smaller and uneven in size
with the increase of Cu content and the proportion of intergranular fracture also increases. A large
amount of small dimples present with the Cu content of 0.98 wt.% and when the Cu content reaches
to 1.45 wt.%, transgranular fracture is dominant in the alloy. When the Cu content is 1.69 wt.% or
2.02 wt.%, the fracture mode (fracture morphology) of the alloy is still a composited but intergranular
fracture begins to dominate and the fracture morphology appears plateau.

Figure 7e-h are the S-L direction fracture morphology of the alloys. It could be seen that a
transition in fracture mode is observed from transgranular dimpled fracture to intergranular fracture
with the increase of Cu contents. When the Cu content is 0.98 wt.% and 1.45 wt.%, the main fracture
mode of the alloy is transgranular fracture and the fracture morphology consists of large and deep
dimples. While, when the Cu content reaches to 1.69 wt.% or 2.02 wt.%, intergranular fracture is
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dominant and the dimples are very few and shallow and the fracture edges are distributed parallel to
each other along the L-T direction.

Figure 7. SEM images of the fracture morphology of the alloys: (a,e) 0.98 wt.%Cu; (b,f) 1.45 wt.%Cu;
(c,g) 1.69 wt.%Cu; (d,h) 2.02 wt.%Cu; L-T: (a—d); S-L: (e-h).

3.6. The Exfoliation Corrosion Behavior

The evolution of the visual ratings in the EXCO experiments are carried out on the four alloys
according to GB/T 22639-2008 and the results are shown in Figure 8. It could be seen that the exfoliation
corrosion resistance of the alloys decreases as the Cu content increases. Figure 9 shows the exfoliation
corrosion morphology of the alloys with different Cu contents after immersing for 24 h. Figure 9a,e
indicate that only a slight metal peeling occurs in the L-T direction of the alloy with the Cu content
of 0.98 wt.%, which could be evaluated as PC. Meanwhile, the metal has slight pitting accompanied
with a small amount of metal blasting in the S-T direction, which is rated as PB. When the content
of Cu increases to 2.02 wt.%, the alloy is severely corrosive and layered and the corrosion penetrates
deep into the metal, which is evaluated as EC in both L-T and S-T directions. It is worth noting that all
alloys have better S-T direction corrosion resistance than L-T direction.

(@) = (b) =
—=—0.98Cu / —=—0.98Cu /
—e— 1.45Cu R —e— 1.45Cu
BB e 1.69Cu EB M 1.69Cu
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Figure 8. Variation of EXCO rating for alloys during immersing in the EXCO solution for 24 h: (a) L-T;
(b) S-T.
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Figure 9. Morphologies of exfoliation corrosion of the alloys with different Cu contents: (a,e) 0.98
wt.%Cu; (b,f) 1.45 wt.%Cu; (c,g) 1.69 wt.%Cu; (d,h) 2.02 wt.%Cu; L-T: (a-d); S-T: (e-h).

4. Discussion

4.1. Effect of Cu on Fracture of Alloy

Al-Zn-Mg-Cu alloy is a typical aged-hardenable alloy. Precipitation strengthening caused by
strengthening phases such as 1’ phase and GP zone during aging can enhance the strength of the
alloy [6,19]. A small amount of Cu can promote the precipitation of strengthening phase but when
the content of Cu increases to a certain extent (Cu > 1.45 wt.%), the formed S(Al,CuMg) phase will
consume the Mg element, which would result in the decrease of the i’ phase formation and the adverse
effect on the alloy strength [20]. Therefore, the fracture toughness of the alloy first increases and then
decreases as the Cu content ranges from 0.98 wt.% to 2.02 wt.% (Figure 6). Furthermore, as shown in
Figure 4, the volume fraction of the second phase increases with the Cu content increase. These second
phase have the characteristics of high hardness, high brittleness, low strength and are easily deformed
and cracked, which could reduce the local plastic deformation ability of the alloy matrix, thereby
reducing the mechanical properties of the alloy.

In the L-T direction tensile fracture morphology of the alloy, the dimples of transgranular fracture
are obviously shallow in depth, smaller and uneven in size with the increase of Cu content and
the proportion of intergranular fracture increases (Figure 7a—d). When the Cu content reaches to
2.02 wt.%, the main fracture mode of the alloy is intergranular fracture accompanied with fewer
transgranular fracture and the fracture morphology appears platform. When the alloy is stretched in
L-T direction, the crack propagation appears in the S-T plane and the GB area in this plane is relatively
large. In addition, the GB are not in a plane in the S-T direction, resulting in a larger interplanar spacing
of GB. The coarse intermetallic particles are mainly distributed inside the grains of the alloy. When the
tensile stress is applied, the micropores first appear inside the grains to form a transgranular fracture.
When the crack propagation direction is perpendicular to the direction of the intermetallic particles
(Figure 4), the resistance of crack propagation is large, which leads the crack propagation tend to shift
in the direction of low resistance, resulting the improvement of alloy strength and fracture toughness.

A transition in fracture mode is observed from transgranular dimpled fracture to intergranular
fracture with the increase of Cu contents in S-L direction (Figure 7e-h). Figure 7e shows the
characteristic of transgranular dimpled fracture and small dimples exist in large dimples. When the
Cu content increases to 2.02 wt.%, the dimples are almost disappeared with the generation of plateau
and the tearing edges are parallel to the L-T direction, which is due to that the volume fraction of the
intermetallics increases with the increase of Cu content. As the coarse intermetallic particles have low
strength and weak interfaces, the dislocations accumulates around these coarse intermetallic particles,
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which make the stress concentrated and preferentially crack of the coarse particles [21]. Therefore,
increasing the volume fraction of the coarse particles would decrease the fracture toughness and
ductility of the alloy. When the sample is tensile in the S-L direction, the crack propagation plane is
the L-T plane. When the crack propagation direction coincides with the arrangement direction of the
intermetallic particles, the resistance of crack propagation is small, which leads to the easy formation
of the “fracture path.” Therefore, the S-L direction mechanical properties of the alloy are poor.

4.2. Effect of Cu on Exfoliation Corrosion

It is known that EXCO is actually a kind of intergranular corrosion (IGC) and closely associated
with grain shape. For pitting corrosion, it is widely accepted that metastable pits occurred around
larger intermetallic particles are more easily to turn into stable pits, since the larger and deeper cavity
provided a longer diffusion barrier and a more severe acidification as a result of hydrolysis of metal
ions [22]. In general, the EXCO of Al-Zn-Mg-Cu alloys are also originated from pitting, therefore
larger size of iron and copper rich intermetallic particles would promote the continuous growth of
corrosion pits and hence the occurrence of EXCO. Therefore, the corrosion resistance of the alloy
decreased as the Cu content increased due to high content of intermetallics. The potential of GBPs in
Al-Zn-Mg-Cu alloy is about —0.8 to —1.0 Vsce, which is obviously negative compared with Al matrix
of —0.68 Vsce. However, the added Cu element will be partially dissolved in GBPs and the potential
of the alloy will be raised to reduce the potential difference with the matrix, which is beneficial to
the corrosion resistance of the alloy [3,15]. Meanwhile, with the Cu content increases, the amount
of residual intermetallics also increase (Figure 3 and Table 2), which could cause a relative decrease
in the Cu content of matrix, thereby increasing the potential difference with the matrix. Generally,
the potential difference tends to become the driving force of corrosion galvanic couples for the alloy
in the corrosive medium, which will accelerate the occurrence of intergranular corrosion. Besides,
Figure 4 and Table 3 indicate the discontinuous distribution of precipitates on the grain boundaries or
widening of the PFZ may be beneficial to the improvement of the corrosion resistance of the alloys [10].

The results of the exfoliation corrosion grades of alloys with different Cu contents in L-T and S-T
directions are shown in Figure 8. It can be seen that the degree of exfoliation corrosion of the alloys with
different Cu contents is different and the corrosion surfaces of the same alloy in different directions
are also different. As can be seen from Figure 3, there is a significant difference in grain morphology
between L-T and S-T directions. The grain structure of the alloy in the L-T direction is oriented fiber
deformation. While the grain structure in the S-T direction is equiaxed and the grain boundaries
are not elongated with large density. EXCO usually occurs in a strong acid environment and the
corrosion gradually progresses along the fibrous grains, leading to surface spalling [8]. Figure 10
shows the secondary electron images of the SEM surface morphology for 1.45 wt.%Cu alloy after
immersion in EXCO solution for 24 h. We can see that the corrosion paths of the alloy are different
in the L-T/S-T directions. The results are consistent with the study by Song et al., they reported
that the corrosion resistance of the S-T plane is enhanced compared with that of the L-T and S-L
planes due to approximately equiaxed the grain structure in the S-T plane [23]. Moreover, as the Cu
content increases, the coarse intermetallic particles in the alloy increases (as shown in Figure 4) and
the corrosion resistance of the alloy decreases. However, it is worth noting that the EXCO corrosion
resistance of alloy in S-T direction is better than that of L-T direction.



Metals 2018, 8, 1048 10 of 11

Figure 10. Secondary electron images of the SEM surface morphology of 1.45 wt.%Cu alloy after
immersion in EXCO solution for 24 h: (a) L-T; (b) S-T.

5. Conclusions

The tests of mechanical tensile and exfoliation corrosion were conducted on the Al-Zn-Mg-xCu
aluminum alloys to investigate the effect of Cu contents on the fracture toughness and exfoliation
corrosion behaviors of the alloy and the main results are as follows.

(1) The amount of intermetallics in the L-T and S-T directions of the alloy all increases with the
increase of Cu content. The intermetallics of L-T direction accumulate at the grain boundary along
the deformation direction, whereas the intermetallics in S-T direction are discretely distributed.

(2) The fracture toughness of the alloy in L-T and S-L directions all increases first and then decreases
with the increase of Cu contents and the maximum fracture toughness of the alloy is 1.45 wt.%.

(3) The fracture mode is transformed from transgranular dimpled rupture to intergranular rupture
in S-L direction with the increase of Cu contents.

(4) The EXCO corrosion resistance of the alloy decreases as the Cu content increases and the EXCO
corrosion resistance of the alloy in S-T direction is better than that of L-T direction.
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