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Effects of Cu/Mg ratio on microstructure and properties of AA7085 alloys
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Abstract: AA7085 aluminum alloys with different Cu/Mg ratios (0.67, 1.0, 1.06, 1.6) were prepared by ingot metallurgy method.
The effects of Cu/Mg ratio on the microstructure, mechanical properties and corrosion behavior of the AA7085 alloys were
investigated by optical microscope, scanning electron microscope (SEM), mechanical properties and corrosion testing. The results
indicate that a better recrystallization inhibition and corrosion resistance can be achieved when Cu/Mg ratio is 1.6. When Cu/Mg
ratio is 0.67, the alloy reveals better mechanical properties, and the tensile strength and yield strength of AA7085 alloys are 586 and
550 MPa, respectively. Moreover, both the mechanical properties and corrosion resistance of the alloy are reduced when Cu/Mg ratio

is equal to 1.0.
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1 Introduction

7xxx (Al-Zn—Mg—Cu) alloys with ultra-high
strength are very important light-mass structure materials
and widely used in military and aerospace technology
because of the wunique combination of high
strength-to-density ratio and excellent mechanical
properties [1-3]. However, Al-Zn—Mg—Cu alloys are
susceptible to the localized corrosion. And sometimes
the increase in yield strength of AlI-Zn—Mg—Cu alloy is
accompanied by the decrease in fracture toughness and
corrosion resistance [4—6]. This limits the application of
ultra-high strength Al-Zn—Mg—Cu alloys in many areas.
Thereby, many studies on the improvement in corrosion
resistance and fracture toughness of Al-Zn—Mg—Cu
alloys have been made by controlling the heat treatment
or composition.

It is well known that the addition of Cu as one of
alloying elements in Al-Zn—Mg alloys greatly improves
the mechanical strength of Al-Zn—Mg—Cu series alloys
by precipitation hardening. Cu distributes in the
microstructure of Al-Zn—Mg—Cu alloy in different
forms. In the Al matrix, fine hardening precipitates on
the order of nanometers in size, such as Guinier-Preston
(GP) zones or 8" (Al,Cu) phase, contain most of Cu in
the alloy. Cu also exists in coarse intermetallic

compounds such as S (ALL,CuMg) phase, 6 (Al,Cu) phase
or Al;,Cu,Fe particles, and in the grain boundary
precipitates with 50-100 nm in size, such as
Mg(ZnCuAl), [7-10]. The Cu distribution in the
microstructure affects the susceptibility to the localized
corrosion [11]. MENG and FRANKEL [12] found that
Cu plays a beneficial role in improving the resistance of
Al-Zn—Mg—Cu alloys to stress corrosion cracking, but
the corrosion resistance of the alloys at open circuit in
aerated solution decreases with increasing Cu content.
These contradictory effects of Cu content must be
rationalized.

At the same time, the Mg content plays an
important role in the mechanical strength and corrosion
resistance of Al-Zn—Mg—Cu series alloys by forming
intermetallic compounds such as S (Al,CuMg), T
(AblMg3Zn;) and #u (MgZn,) phases [13]. These
intermetallic compounds have great effect on the
mechanical strength and corrosion resistance of the
alloys.

AA7085 alloy is a new generation of high strength
thick plate alloy developed by ALCOA. The unique
properties are given by the higher zinc content along
with the lower content of copper than other 7xxx
aluminum alloy, i.e., high fracture toughness and
slow quench sensitivity [14]. Generally, high strength
and good corrosion resistance have a contradictory

Foundation item: Projects (51271152, 51021063) supported by the National Natural Science Foundation of China; Project (13JJ6006) supported by Hunan
Provincial Natural Science Foundation, China; Project (2012CB619502) supported by National Basic Research Program of China
Corresponding author: Dai-hong XIAO; Tel: +86-731-88877880; E-mail: daihongx@csu.edu.cn

DOI: 10.1016/S1003-6326(14)63311-2



Xian-zhe WU, et al/Trans. Nonferrous Met. Soc. China 24(2014) 2054—2060 2055

relationship, which are significantly affected by the
composition and heat treatment [15—18].

The intermetallic compounds will largely change
with the Cu/Mg ratio. The quantity of copper atoms that
harden the alloys by precipitation will be changed
synchronously. There will be a competitive reaction
among the generation of different intermetallic
compounds and precipitate, which enormously affects
the microstructure and properties of the alloys. Thereby,
the research on the relationship between alloy properties
and Cu/Mg ratio is significant and necessary. There are
little reports about the effect of Cu/Mg ratio on
microstructure and properties of AA7085 alloys. In this
work, the effect of Cu/Mg ratio on the microstructure
and properties of AA7085 aluminum alloys was
investigated.

2 Experimental

Four alloys with the nominal compositions are
given in Table 1. The alloys were melted by induction
heating. The temperature of the alloy melt was kept
between 720 and 750 °C. The melt was degassed by
adding C¢Cls for 10—15 min, and then cast into iron
moulds to produce billets with 80 mm in length and 45
mm in diameter. The billets were homogenized at 450 °C
for 24 h, followed by air cooling to room temperature,
and then hot extruded to bars of 13.5 mmx10.2 mm at
420 °C. Subsequently, the bars were solution treated at
475 °C for 2 h, followed by water quenching, and finally
aged at 120 °C for 24 h (T6 tempter).

Table 1 Chemical compositions of alloys
Cu/Mg Mass fraction/%
massratio  zZn Cu Mg Zr Al
A1(AA7085) 1.06 7.61 1.63 151 0.12 Bal

Alloy

A2 1.6 798 1.61 1.01 0.11 Bal
A3 0.67 795 1.06 1.58 0.09 Bal
A4 1.0 801 132 131 0.10 Bal

The tensile properties were tested at room
temperature and a strain rate of about 1x10™* s™' on an
Instron—8082 testing machine. The exfoliation corrosion
testing (EXCO-testing) was carried out at room
temperature for 72 h, according to the Chinese
HB5455-90 specification. The corrosive liquid was
standard EXCO solution which contained 4.0 mol/L
NaCl, 0.5 mol/L KNO; and 0.5 mol/L HNO; in
hydrosolvent. The rates of exfoliation corrosion were
calculated by mass loss method in the EXCO-testing
solution. The microstructural characterization was
performed by optical microscope (OM) and scanning
electron microscope (SEM).

3 Results

3.1 Mechanical properties

The tensile properties of the specimens are shown in
Table 2. Compared with AA7085 Al alloy, whose tensile
strength and yield strength are 494 and 454 MPa,
respectively, alloy A3 with the Cu/Mg ratio of 0.67
exhibits the highest tensile strength, which at least
increases by 18.6%. This means that a higher strength
exhibits when the Cu/Mg ratio is less than 1.0. And
compared with alloy A4, alloy A2 has better mechanical
properties, which are 4.98% higher in tensile strength
and 9.40% in yield strength.

Table 2 Tensile properties of specimens

Alloy No. UTS/MPa YS/MPa Elongation/%
Al 494 454 12.1
A2 559 532 9.1
A3 586 550 6.9
A4 532 486 11.9

3.2 Corrosion properties

The EXCO corrosion rates of the four alloys at
different times are shown in Fig. 1. At the first 24 h,
alloy A4 has the highest EXCO resistance, of which the
corrosion rate is 0.8 mg/(h-cm?). However, at the next 24
h corrosion and the finally 72 h corrosion, alloy A2
shows higher EXCO resistance, whose corrosion rate is
down to 0.54 and 0.37 mg/(h-cm®), respectively. The
corrosion rate of alloy A3 is 11.56% faster than that of
alloy A2, and the corrosion rate of alloy Al is 27.69%
faster than that of alloy A2 after 72 h. Moreover, alloy
A4 shows the worst EXCO resistance among the four
alloys after 48 and 72 h.
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Fig. 1 EXCO corrosion rates of four alloys

3.3 Microstructures
Typical optical microstructures of T6-tempered
Al-Zn—Mg—Cu alloys are shown in Fig. 2. From Fig. 2,
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Fig. 2 Optical micrographs of different T6-tempered alloys: (a) Al; (b) A2; (c) A3; (d) A4

it can be seen that alloy Al is fully recrystallized and
many coarse recrystallized grains are found. Alloys A2,
A3 and A4 are partially recrystallized. Some of the
subgrains in the alloy grow up into large recrystallized
grains, and other subgrain boundaries disappear.
Compared with alloy A3, alloy A2 with higher
Cu content has a recrystallization. The
recrystallization degree of alloy A4 is the largest among
the four alloys. It is clear that the recrystallization
resistance of T6-tempered Al-Zn—Mg—Cu alloy can be
improved by changing Cu/Mg ratio. Moreover, it can be
observed that the grain size of the recrystallization region

lower

decreases with the increase of the recrystallization degree.

Alloy A2 has the largest grain size of the recrystallization
region, while alloy A4 has the smallest one.

The SEM images of fracture surfaces of the
experimental alloys after tensile testing are shown in Fig.
3. A mixed fracture mode consisting of dominant
intergranular fracture is observed in the four alloys. The
serious cracks which are both wide and deep are found in
alloy Al, and the SEM observation at a higher
magnification reveals that the crack propagates along the
grain boundaries. Shallow dimples adjacent to grain
boundary regions are also observed. Several short but
wide cracks are found on the fracture surfaces of alloy
A2. There are some tiny cracks on the fracture surfaces
of alloy A3 and the cracks propagate along the
recrystallized grain boundaries. The narrow but long

AR St

cracks are observed on the fracture surfaces of alloy A4.
Among alloys A2, A3 and A4, fine dimples and some
white phases can be found at the bottom of dimples.

The surface SEM images and cross-section SEM
images of the To6-tempered specimens after 72 h
EXCO-testing are shown in Fig. 4. Large and deep etch
pits and many microcracks form on the surface of alloy
Al. Obvious intergranular corrosion can be found. Wide
and uniform etch pits form on the surface of alloy A2.
Intergranular corrosion is found at the beginning of
exfoliation corrosion. Large and deep etch pits form and
penetrate deeply into the surface of alloy A3. Uniform
corrosion can be considered. Besides, reticular fibers are
found to leave on the surface of alloys A2 and A3. And
the fibrous structure of alloy A3 is slender. Many tiny
etch pits and piece of layered structure form on the
surface of alloy A4.

4 Discussion

In general, the corrosion resistance of ultra-high
strength Al-Zn—Mg—Cu alloys decreases as the yield
strength increases, which has heavy involvement with
higher density of anodic precipitates on grain boundaries
[4-6,18]. Preferential precipitation and aggregation tend
to happen at the recrystallized grain boundaries.
Precipitates with low density have discrete distribution
at the subgrain boundaries. The recrystallized grain
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Fig. 3 SEM images of fracture surfaces of alloys after tensile testing: (a,b) Al; (c,d) A2; (e,f) A3; (g,h) A4
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Fig. 4 SEM images of ¢
(e,)) A3; (gh) A4

boundaries with higher
susceptive to anodic dissolution and provide relatively
easy path for the crack propagation. Thus, the corrosion
resistance and fracture toughness of Al-Zn—Mg—Cu
alloys are affected by the degree of recrystallization [16].
It is well accepted that the
boundaries have higher energy than the subgrain
boundaries, and thus precipitates with higher density
tend to be aggregated at the recrystallized grain

density precipitates are

recrystallized grain

boundaries in full recrystallized alloy Al. Fine and
scattered precipitates distribute at the subgrain
boundaries in the fibrous unrecrystallized part of alloys

orrosion surfaces and cross-section of T6-tempered speci

20

mens after 72 h EXCO testing: (a,b) Al; (c,d) A2;

A2, A3 and A4. The proportion of fine scattered
precipitates has a deep relationship with the degree of
recrystallization. Furthermore, the Cu/Mg ratio may be
also strongly related to the types of precipitated phases,
which determines the electrochemistry system. Thereby,
of Cu/Mg ratio will result in the
transformation of corrosion behavior as well.

From Table 2, it can be seen that Cu/Mg ratio has
some effects on the mechanical properties of the
T6-tempered Al-Zn—Mg—Cu alloys. The main reasons
are the synthetic action of three factors: the changes of
wild phase types, the inhibition of recrystallization and

the changes
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the stabilization of deformation reversion structure
occurring during the extrusion and solution treatment.
There is no doubt that the type and quantity as well as
the distribution of phases will change with the Cu/Mg
ratio. When the Cu/Mg ratio is equal to 1, the trend of
forming Al-Cu—Zn phases will be strong [5]. At the
same time, when the Mg content increases and Cu/Mg
ratio is less than 1, the trend of forming intermetallic
compounds, such as S (Al,CuMg), T ( Al,Mg;Zn;) and
(MgZn,) phases, increases for the alloy abundant in Mg
[9]. But the amount of S phase will be less than that of
the alloys with Cu/Mg ratio of 1. Moreover, the effect of
fine precipitation hardening of Cu on the order of
nanometers in size, such as GP zones or ¢’ (Al,Cu) phase,
is easier to happen when the Cu/Mg ratio is more than 1.

Figure 2 shows that Cu/Mg ratio affects the
recrystallization of the alloys. Dispersoids prevent the
motion of subgrain boundaries during annealing [10].
The effect of dispersoid distribution on inhibiting
recrystallization can be quantified by calculating the
average pinning pressure p, of the dispersoids, according
to the Zener pinning equation [19]:

3
p. = PYGB (1)
2r

where r is the radius, ¢ is the volume fraction of
dispersoids, ygp is the energy of the boundary that the
dispersoids are pinning. Eq. (1) shows that a high ¢/r
ratio, namely, a high volume fraction of tiny and stable
dispersoids, should be necessary in order to overcome
the driving force for boundary migration and achieve
high recrystallization resistance. According to Fig. 2,
alloy A3 does better in inhibiting recrystallization than
alloy A4, while alloy A2 has the highest recrystallization
resistance. Compared with alloy A4 that has a strong
trend of forming coarse intermetallic compounds, alloy
A2 with fine precipitation hardening on the order of
nanometers in size is necessary in order to pin the grain
boundary. Moreover, alloy A3 has a smaller volume
fraction of S phases than alloy A4, which means that the
volume fraction of other tiny phases will be more than
that of alloy A4. Thereby, alloy A3 achieves higher
recrystallization resistance than alloy A4 that is lower
than alloy A2.

The intergranular fracture is found to preferentially
occur along the recrystallized grain boundaries with
dense density grain boundary precipitates rather than at
subgrain boundaries with discrete precipitates. The
precipitates with low density are beneficial to improving
grain boundary fracture resistance and fracture toughness
of Al-Zn—Mg—Cu alloy compared with precipitates with
higher density [17]. The mechanical properties of the
alloy have a close relationship with the degree of
recrystallization. Thus, according to Table 2, full

recrystallized alloy Al containing a higher density of
grain boundary precipitates shows low fracture
toughness and dominant intergranular fracture. Fibrous
partly recrystallized alloys A2, A3 and A4 that contain
discrete grain boundary precipitates exhibit higher
fracture toughness and ductile transgranular fracture with
the distribution of fine dimples. Thereby, it can be
achieved that the increase of Cu content or Mg content
results in the decrease of intergranular fracture and the
improvement of fracture toughness and ductility of
Al-Zn—Mg—Cu alloy. Moreover, alloy A3, whose Cu
content is more than Mg content, has better mechanical
properties than alloy 2, in which the relationship of Cu
and Mg is opposite. The differences among the three
alloys are the degree of recrystallization and the volume
fraction of different wild phases. And it can be inferred
that the volume fraction of different wild phases plays a
more influential role than the degree of recrystallization.
Different phases make different levels of contributions to
mechanical properties, and AlI-Mg—Zn phases or Mg—Zn
phases play better roles in improving mechanical
properties than Cu precipitate.

Figure 1 shows that the T6-tempered Al-Zn—Mg—
Cu alloys are susceptible to intergranular corrosion and
exfoliation corrosion, which may be highly related to the
grain boundary 7 precipitates. The # phase is anodic to
aluminum matrix and dissolves preferentially when the
alloys are exposed to the corrosion environment. In
Al-Zn—Mg—Cu alloys, precipitates with higher density
distribute at the high angle recrystallized grain
boundaries and will be preferentially attacked at the
beginning of intergranular corrosion. Once the cracks
form, they propagate along the recrystallized grain
boundaries very quickly. Thus, the recrystallized grain
boundaries are more vulnerable to corrosion than the
subgrain boundaries [6]. According to Fig. 2, four alloys
have different proportions of recrystallized grain
boundaries. =~ The  fibrous parts  without the
recrystallization of alloys A2, A3 and A4 with numerous
fine subgrain boundaries have fine and scattered
precipitates at the grain boundary. Thus, the progress of
anode corrosion is cut off to some extent and the
corrosion rate decreases, and the resistance to
intergranular corrosion and exfoliation corrosion of the
alloy is improved. At the same time, the corrosion
process is determined by the electrochemical system,
which is deeply affected by the potential difference
between the phases and the matrix. The electrochemical
system keeps on changing by collapsing and rebuilding.
Thereby, the relationship of corrosion rate among the
four alloys is changeable during the corrosion process.
However, the stable period comes after corrosion for a
period of time. The potential difference between the
phases and the matrix affect more on corrosion rates
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during the stable period. And compared with alloy A2,
alloy A3 has worse corrosion resistance because of the
increase of # phase in alloy A3. Cu atoms can dissolve in
n' and 5 phases, which reduce the potential difference in
the grain boundary and matrix. And a higher corrosion
resistance of alloy A3 is achieved.

5 Conclusions

1) The degree of recrystallization is related to
Cu/Mg ratio. The alloy with Cu/Mg ratio larger than 1
achieves higher recrystallization inhibition.

2) The mechanical properties and corrosion
resistance of AA7085 alloys can be improved by
changing the Cu/Mg ratio. Al-Zn—Mg—Cu alloy shows
better complex properties when Cu/Mg ratio is not equal
to 1.

3) AA7085 alloys have better mechanical properties
when Mg content is higher than Cu content.

4) Excellent corrosion resistance can be achieved
when Cu content is higher than Mg content in the alloys.
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