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Abstract—The microstructure, mechanical
properties and corrosion behaviors of an ultrahigh
strength Al-Zn-Mg-Cu-Zr alloy subjected to the
non-isothermal aging process have been
investigated. When target aging temperature is
between 180 °C and 190 °C during non-isothermal
aging, the hardness of 7056 Al alloy reaches the
maximum of 210 HV and its tensile strength is
more than 700 MPa. With target aging temperature
further increases to 200 °C, the hardness of the
alloy rapidly decreases due to the coarsening of
the precipitates in grain interiors. With the
increase of target aging temperature and aging
time, the resistance to intergranular corrosion
(IGC) and exfoliation corrosion (EXCO) can also
be enhanced due to the gradually coarsening and
disconnecting of grain boundary precipitates.
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I. INTRODUCTION

Al-Zn-Mg-Cu alloys (7xxx series) have been
extensively used as structural materials in aerospace
and automotive industry due to their excellent
properties, such as low density, high strength, good
workability and corrosion resistance [1-3]. However, to
further satisfy the increasing demands for the
comprehensive properties of high-strength aluminum
alloys in the future, various methods have been
developed, focusing on alloy composition optimization,
manufacturing process, severe deformation and heat
treatment [4-12]. Among these, heat treatment,
especially aging process, has been an effective and
critical way to control the microstructure and properties
of Al-Zn-Mg-Cu alloys since the precipitates formed
during aging act as the key strengthening mechanism
and heavily determine mechanical properties and
corrosion features of the alloys.

It is well known that aging tempers mainly affect
geometrical characteristics of the precipitates and their
mismatch relationship with Al alloy matrix and thus
bring forth different performances to the alloys. These
aging processes can be categorized as isothermal
aging involving one or a series of isothermal
procedures, which is usually convenient to be carried
out precisely in most applications. However, the

accuracy and controllability of isothermal aging have
been obviously limited when being performed on large
components due to the temperature-lagging effect in
them during the heating and/or cooling stage.
Therefore, the non-isothermal aging process has been
developed to accommodate heating and/or cooling
procedures for the purpose of further enhancing
mechanical properties of Al alloys. The feasibility of the
non-isothermal aging in Al-Zn-Mg-Cu alloys has been
widely examined. For example, James et.al have
proposed an improved non-isothermal aging for Al-Zn-
Mg-Cu alloys and investigated the effects of heating
rate on the properties [13]. Jiang et.al also found that
the heating aging enhances mechanical properties and
retains corrosion resistance of Al-Zn-Mg-Cu alloy
comparable to that of over-aging condition [14]. The
researchers have mainly focused the precipitation
behaviors and the resulted performance evolving in
non-isothermal aging for Al-Zn-Mg-Cu alloys, and the
zinc content of these investigated alloys is not high, no
more than 9 wt.% [14-19]. In fact, the Al-Zn-Mg-Cu
alloys containing high Zn more than 9 wt.% exhibit
higher strength and improved overall performance
suitable for aerospace applications. However, the work
on non-isothermal aging of high-Zn containing Al-Zn-
Mg-Cu alloys is rarely reported. In this work, the
influences of the ending aging temperature and
heating rate on the microstructure, mechanical and
corrosion properties of 7056 Al alloy with Zn more than
9 wt.% during non-isothermal aging have been
investigated and discussed in detail.

Il. EXPERIMENTAL PROCEDURES

The nominal chemical composition of 7056
aluminum alloy is listed in Table 1. The alloy ingots
were prepared by melting high-purity Al (99.99 wt.%),
Mg (99.9 wt.%), Cu (99.9 wt.%), Zn (99.9 wt.%) as well
as Al-5.1Zr and Al-4.95Ti master alloys in a resistance
furnace. The melting temperature was kept at 700-
750 °C, stirred vigorously and then cast into a graphite
mold with the diameter of 110 mm. The cast ingots
were homogenized step-by-step at 410 °C for 8 h, 465 °C
for 6 h and subsequently 470 °C for 36 h, and then hot
extruded into 12 mm thick plates at 450-460 °C with the
extrusion ratio 9:1. The extruded plates were solution
treated at 470 °C for 2 h and rapidly quenched into cold
water (water temperature lower than 25 °C). During the
subsequent non-isothermal aging process, the
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specimens were heated from 60 °C to 210 °C at heating
rates of 20, 40 and 60 °C/h, respectively. When heated
to the target temperature, the specimens were taken
out and quickly quenched into cold water. Finally, all
the specimens were aged at 120 °C for 24 h.

The hardness measurements were carried out
using Shanghai HV-50 Rockwell hardness tester.
Tensile properties were performed on smooth plate
specimens by an Instron 3369 testing machine at room
temperature with a tensile speed of 2 mm/min. The
gauge length and width of the specimen were 25 mm
and 6 mm, respectively. Electrical conductivity was
tested by an eddy current conductivity meter at room
temperature. A JSM-6360LV scanning electron
microscope (SEM) attached with energy dispersive
spectroscopy (EDS) was applied for observing the
morphology and distribution of second phase in Al

alloy matrix and obtaining its compositional information.

Microstructure was investigated by a JEM-2000FX
transmission electron microscopy (TEM) with an
operating voltage of 200 kV. Thin foils for TEM were
prepared by mechanical polishing to 70 um and final
twin-jet electro-polishing in solution including 25%
HNO3 and 75% CH3OH at -25 °C.

The intergranular corrosion (IGC) test was
performed according to GB/T 7998-2005 standard [30],
and the average intergranular corrosion depths were
determined by optical microscopy (OM). The EXCO
test was carried out according to GB/T 22639-2008
standard. The samples were immersed in the solution
containing 4.0 M NaCl, 0.5 M KNO3 and 0.1 M HNOS,
and visually inspected at regular intervals. The testing
temperature was kept at 251 °C in a thermostat and
the ratio of solution volume to metal surface was 20
mL/cm2. The susceptibility of EXCO was assessed by
reference to standard photographs N (No obvious
attack), P (pitting), EA (superficial exfoliation), EB
(moderate exfoliation), EC (severe exfoliation), and ED
(very severe exfoliation).

Table 1 Nominal chemical composition of 7056 Al
alloy (wt.%)
Alloy Zn Mg Cu Zr Ti Al

7056 alloy 9.1 18 16 0.13 0.01 Bal

I1l. RESULTS AND DISCUSSION

The mechanical properties and corrosion
resistance of Al alloy can be simply evaluated by
measuring its hardness and electrical conductivity,
respectively. The dependences of the hardness and
electrical conductivity of 7056 Al alloys on the ending
aging temperature at heating rates of 20, 40 and
60 °C/h are shown in Fig. 1. As a whole, it can be
found from Fig. 1(a) that the variation tendency of the
hardness for various heating rates is very similar. The
hardness of the investigated alloy first tardily increases
and then remains steady as the ending temperature
rises, and finally decreases quickly. The increase of
heating rate from 20 to 60 °C/h leads to an increase of
the peak value of the hardness. The higher heating

rate, presents a lower hardness value at the same
ending temperature. The peak hardness values of
7056 Al alloy for various heating rates all can be
reached at the temperature range from 170 to 190 °C.
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Figure 1 Effects of heating rate on (a) hardness
and (b) electrical conductivity of 7056 Al alloys.

As for the electrical conductivity, as show in Fig.
1(b), the increase of heating rate from 20 to 60 °C/h
results in a decrease in electrical conductivity with
respect to various temperatures of terminated aging
during non-isothermal aging. Besides, the electrical
conductivity straightly increases with the increase of
the ending aging temperature, and the increment
becomes more obvious at higher temperature, which
shows that the ending aging temperature and heating
rate have obvious influence on the electrical
conductivity of 7056 Al alloy. It is well known that the
variation of electrical conductivity can indirectly reflect
the decomposition of the supersaturation solid solution
in alloys and be used for assessing the SCC
resistance [20]. In Al-Zn-Mg-Cu alloys, the SCC
resistance has been found to increase with the
increase of electrical conductivity. The electrical
conductivity usually increases greatly as a result of the
reduction of electron scattering resulting from the
decrease of solid solubility of supersaturation solid
solution and the coarsening of precipitates during
aging. When the heating rate is relatively high, the
strengthening phase is difficult to grow up after
nucleation due to short aging time. While the

www.jmest.org

JMESTN42353335

11723


http://www.jmest.org/

Journal of Multidisciplinary Engineering Science and Technology (JMEST)

ISSN: 2458-9403
Vol. 7 Issue 4, April - 2020

strengthening phase obviously coarsens at low heating
rate due to the distinct decrease of the supersaturation
solid solubility. Therefore, the variation of electrical
conductivity is obviously larger at the higher heating
rate.

Tensle strength (MFa)
| ]
Hongation (%)

Figure 2 Variation of the ultimate tensile strength and
elongation of 7056 Al alloy subjected to non-isothermal
aging at a heating rate of 40 °C/h.

Figure 2 presents the variation of the ultimate
tensile strength and elongation of the non-isothermal
aged 7056 Al alloys with the ending aging temperature
at a heating rate of 40°C/h. It can be found that the
variation of tensile strength is very similar to the trend
of micro-hardness variety shown in Fig.1 (a). The
tensile strength steadily increases at the temperature
range from 150 to 190 °C and is up to the peak
strength of 706 MPa, and then rapidly decreases to
664 MPa when the ending temperature further rises to
200°C. The elongation of 7056 Al alloy is only 7.26 %
when the ending temperature is 150 °C, and increases
to 10.4 % when the temperature is 170°C. Hereafter,
the elongation gradually decreases at the temperature
range from 170 to 190°C. Continuous increasing
temperature to 200 °C, the elongation increases again
due to the over-aged state of the alloy.

Figure 3 shows the cross-section corrosion
morphologies and maximum corrosion depths of the
non-isothermal aged 7056 Al alloys at a heating rate of
40 °C/h. The corrosion depths are obviously influenced
by the ending aging temperature during non-isothermal
aging. The corrosion cracks propagate along grain
boundaries into the interior under the surface of Al

increasing the ending aging temperature during non-
isothermal aging.

dplE e rf',‘ag’.f AT ) e
Figure 3 Cross-section corrosion morphologies and
maximum corrosion depths of 7056 Al alloys aged at
various ending aging temperatures at a heating rate of
40 °C/h: (a) 150 °C; (b) 170 °C; (c) 180 °C; (d) 190 °C;
(e) 200 °C; (f) 210 °C.

The visual EXCO ratings of the non-isothermal
aged 7056 Al alloys after immersion for various time
are listed in Table 2. With the extension of immersion
time, the degree of corrosion increases. It is clear that
a corrosion rating of EA is given to the specimen with
the ending aging temperature of 150 °C after
immersion for 6 h, while the pitting associated with the
preferential dissolution of active precipitates was the
only attack for other specimens. When immersion for
6-48h, it can be found that the increase of the ending
aging temperature enhances the EXCO corrosion
resistance to some extent. When the ending aging
temperature is not lower than 190 °C, the corrosion
rate of EA can be kept after immersion for 48 h.
However, other specimens are ranked as EB and EC.

Table 2 Visual EXCO ratings of the non-isothermal
aged 7056 Al alloys after immersion for various time

alloys. The damage corrosion extent can be assessed E”‘?“”g 12 24

according to the maximum corrosion depth and global aging 6h h h 48h

corrosion condition. When the ending aging temperature

temperature is 150 °C, the alloy is the most susceptible 150 EA EB JEB EC

to the corrosion attack and the maximum corrosion C

depth extends up to 282 pm, as shown in Fig. 3(a). . 170 PC EA EB EC

With increasing the ending aging temperature from C

170 to 190 °C, the maximum corrosion depth slowly 180 PB EA EA EB

decreases from 275 to 241um due to the extension of °C

aging time (shown in Fig. 3(b)-(d)). As to the ending 190 PB EC EA EA

aging temperature is over 190 °C, the maximum °C

corrosion depth is 168 and 139 pym in Fig. 3(e) and (f), 200

respectively. This means that the corrosion resistance °C PA PC EA EA

of the 7056 Al alloys can be obviously enhanced by o(:210 PA PB PC EA
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Figure 4 shows the EXCO macrographs in detail
after immersion for 48 h. When the ending aging
temperature is 150 and 170 °C, as shown in Fig. 4(a)
and (b), notable layering and penetration to a
considerable depth into the specimens can be seen for
both the specimens and their corrosion ratings are
ranked as EC. With the further increase of the ending
aging temperature, the EXCO susceptibility slightly
decreases and the corresponding corrosion depth
becomes shallow (shown in Fig. 4(c)). When the
ending aging temperature is not lower than 190 °C,
only superficial exfoliation can be found on the surface
(shown in Fig. 4(d)-(f)).

Figure 4 Surface morphologies of 7056 Al alloys after
immersion in the EXCO solution for 48 h: (a) 150 °C; (b)
170 °C; (c) 180 °C; (d) 190 °C; (e) 200 °C; (f) 210 °C.

Figure 5 shows the TEM bright-field micrographs
of the microstructure of 7056 alloys after non-
isothermal aging at heating rates of 20, 40 and 60 °C/h.
The corresponding ending aging temperature is 190
°C. At the heating rate of 20 °C/h (shown in Fig. 5(a)),
the strong diffraction fringes corresponding to n
precipitates in grain interiors are indexed at 1/3{220}
and 2/3{220} positions along <112>, axes and its size
is about 30 nm. When the heating rate continuously
increases, the size of grain precipitates becomes
smaller and the intensity of the corresponding
diffraction fringes is weaker, which means the
decrease of the number of n precipitates. As shown in
Fig. 5(e), the size of the grain precipitates is only
around 10 nm and its shape is mainly elliptical when
the heating rate is 60 °C/h. Only weak diffraction spots
corresponding to n precipitates occur at the position of

2/3{220} along <110>4 axes, indicating the number of
n precipitates is very few. Otherwise, the TEM
micrographs focused on grain boundaries of 7056
alloys after non-isothermal aging at heating rates of
20, 40 and 60 °C/h are presented in Fig.5(b), (d) and
(f). It can be found that discontinuous and coarse
grain-boundary precipitates all occur for various
heating rates when the ending aging temperature is
190 °C, and precipitates free zone (PFZ) is also very
evident. With decreasing the heating rate, the size of
grain-boundary precipitates becomes larger and the
width of PFZ further increases (shown in Fig. 5(b) and

(d)).

L ==
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Figure 5 TEM images of the precipitates in grain
interiors and grain boundaries for 7056 Al alloys after
various heating aging rates: (a) (b) 20°C/h; (c) (d)
40°C/h; (e) (f) 60°C/h.

Figure 6 shows the TEM bright-field images of the
non-isothermal aged 7056 Al alloys at a heating rate of
40 °C/h. It can be observed that the high density
precipitates are homogeneously distributed in grain
interiors and exhibit spherical, elliptical and needle
contrast during non-isothermal aging, similar to
isothermal aging. However, the average size of the
grain precipitates is smaller and its density is higher at
the same aging temperature compared to isothermal
aging. As shown in Fig. 6(a), coherent spherical GP
(Guinier-Preston) zones and semi-coherent n phase
with a size of several nanometer are distributed in
grain interiors when the ending aging temperature is
150 °C. With the increase of the ending aging
temperature, the precipitates become coarser, as
shown in Fig. 6(b) and (c). The density of the needle
precipitates and the spacing between them both
increase when the ending aging temperature is not
lower than 190 °C. Therefore, when the ending aging
temperature is set to 200 °C, the average size of the
precipitates is found to be about 10 nm (shown in Fig.
6(e)). Further increasing the ending aging temperature
to 210 °C, its average size is up to 20 nm (shown in

Fig. 6(f)).
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Figure 6 TEM bright-field images of the grain
precipitates of 7056 Al alloy aged at various ending
temperatures at a heating rate of 40 °C/h: (a) 150 °C;
(b) 170 °C; (c) 180 °C; (d) 190 °C; (e) 200 °C; (f) 210 °C.

The TEM images focused on grain boundaries of
the non-isothermal aged 7056 Al alloys at a heating
rate of 40 °C/h are shown in Fig. 7. Continuous rod-like
precipitates occur on grain boundaries and the width of
grain boundaries is relatively narrow (between about
10 and 20 nm) when the ending aging temperature is
150 °C (shown in Fig. 7(a)). The spacing of the grain-
boundary precipitates increases with increasing the
ending aging temperature. When the ending aging
temperature is set to be 200 °C, it can be seen from
Fig. 7(e) that the width of grain boundaries slightly
increases and PFZ corresponding to white area occurs
along grain boundaries. When the ending aging
temperature further increase to 210 °C (shown in Fig.
7(f)), discontinuous precipitates are found on grain
boundaries, and PFZ surrounds coarse precipitates on
grain boundaries. It can be found that the formation of
PFZ is very difficult during the linear heating process
compared with non-isothermal aging process. It is
generally believed that the width of PFZs varies
significantly with solution treatment temperature,
guenching rate, aging treatment and deformation
process. The PFZs are obvious since the precipitates
slowly grow with a slow cooling rate during the non-
isothermal aging. In this work, the width of PFZs is
relatively narrow due to an insufficient content of
solutes resulting from rapid heating of non-isothermal

aging.

" L F i 4 7 ¢ = )
Figure 7 TEM bright-field images of the precipitates o
grain boundaries of 7056 Al alloy aged at various
ending temperatures at a heating rate of 40 °C/h: (a)
150 °C; (b) 170 °C; (c) 180 °C; (d) 190 °C; (e) 200 °C; (f)
210 °C.

In the present work, the above results show that
the heating rate and ending aging temperature
obviously affect the microstructure, mechanical
properties and corrosion resistance of the non-
isothermal aged 7056 Al alloys. The strengthening
mechanism of Al-Zn-Mg-Cu alloys is mainly based on
precipitation strengthening. The dimension, spacing
and quantity of the grain precipitates basically decide
the strength of aluminum alloys. It is generally
accepted that fine and homogeneously distributed
precipitates with high density can enhance the
hardness and strength of aluminum alloys. Compared
with isothermal aging, the non-isothermal aging
process can provide a higher density of the fine
metastable precipitates distributed homogeneously in
Al matrix at the same aging temperature due to rapid
variation of aging temperature. Therefore, the
hardness and tensile strength of the non-isothermal
aged 7056 Al alloys are relatively higher than those in
peak-aged temper. When the ending aging
temperature is the same, the higher heating rate
during non-isothermal aging process means the
shorter aging time, as shown in Fig. 5(a), (c¢) and (e),
the coarsening of precipitates becomes weaker. This
suggests that the hardness and strength of the 7056 Al
alloy can be enhanced by increasing the heating rate.
At the same heating rate, the size and quantity of the
precipitates in grain interiors obviously increase with
the increase of the ending aging temperature from 150
to 190 °C, as shown in Fig. 6(a)-(e). The rapid
precipitation at the initial stage of non-isothermal aging
process leads to the quick hardening, and the
coarsening of the precipitates at the temperature range
from 190 to 210 °C, which contributes to the
consequent decrease in the hardness and strength.
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It is well known that the SCC resistance can be
enhanced with the increase of electrical conductivity in
Al-Zn-Mg-Cu alloys. Therefore, the above results on
electrical conductivity suggest that the slower heating
rate and the higher ending aging temperature during
non-isothermal aging can improve SCC resistance of
7056 Al alloys. As shown in in Fig. 5 and Fig. 7, the
formation of discontinuous and coarse grain-boundary
precipitates during non-isothermal aging are believed
to be responsible for the enhancement of SCC
resistance of 7056 Al alloys. As for IGC behaviors of
7056 Al alloys subjected to non-isothermal aging, it is
well accepted that discontinuous distribution of grain-
boundary precipitates or widening of the PFZ may be
helpful to improve the SCC and IGC resistance of the
alloys [21]. During non-isothermal aging, with
increasing the ending aging temperature, the grain-
boundary precipitates coarsen and gradually become
discontinuously distributed on grain boundaries,
accompanied by the formation and widening of the
PFZ, which are beneficial to the enhancement of IGC
resistance of 7056 Al alloys. It has been reported that
the corrosion potentials of PFZ and Al matrix are
generally positive compared with that of the grain-
boundary precipitates in Al-Zn-Mg-Cu alloy [21].
Therefore, the potential differences among the matrix,
grain-boundary precipitates and PFZ leads to anodic
dissolution of the grain-boundary precipitates and IGC.
Meanwhile, EXCO is developed from IGC, and widely
regarded as a special form of IGC [22]. With the
increase of the ending aging temperature, the Cu
content of grain-boundary precipitates distinctly
increases due to the increase of the diffusion rate of
Cu atom. The composition variation of the grain-
boundary precipitates can reduce the potential
difference  among Al matrix, grain-boundary
precipitates and PFZ [23, 24]. This leads to the
decrease of the dissolution rate of the corrosion. As a
result, IGC and EXCO resistance of 7056 Al alloy
subjected to non-isothermal aging can be obviously
enhanced by increasing the ending aging temperature.

IV. CONCLUSION

In summary, The effects of the heating rate and
ending aging temperature on  microstructure,
mechanical properties and corrosion behaviors of a
high Zn-containing 7056 Al alloy during non-isothermal
aging process have been investigated. Excellent
mechanical properties and satisfactory corrosion
resistance can be obtained by non-isothermal aging
process. Under the heating aging conditions the higher
heating rate can enhance the electrical conductivity of
7056 Al alloy but induce the decrease of the hardness.
During non-isothermal aging the hardness and
strength of 7056 Al alloy are up to the maximum value
of 210 HV and 700 MPa, respectively, when the
ending aging temperature is between 180 °C and
190 °C. Further, the hardness decreases with the
ending aging temperature over 200 °C.The variations
of mechanical properties and corrosion resistance
during non-isothermal aging are closely relatively with

the size, quantity and distribution of the precipitates in
grain interiors and grain boundaries.
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