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Abstract: The effects of quenching in different ways following solid-solution treatment on properties and precipitation behaviors of
7050 alloy were investigated by transmission electron microscopy (TEM), scanning electron microscopy (SEM), selected area
electron diffraction (SAED), hardness and electrical conductivity tests. Results show that after quenching in different ways, electrical
conductivity of the alloy decreases rapidly in the first 48 h of natural aging. The electrical conductivity of 7050 alloy in natural aging
state is determined by the size and density of GP zones, and the size of GP zones is the main factor. After natural aging for 70 d, the
size of GP zones is 1.8—2.6 nm in matrix of the immersion quenched sample and it is 1.4—1.8 nm in matrix of both water mist and
forced air quenched samples. After natural and artificial peak aging, the hardness of the water mist quenched sample is HV 193.6 and
its electrical conductivity is 30.5% (IACS) which are both higher than those of the immersion quenched sample. Therefore, water
mist quenching is an ideal quenching method for 7050 alloy sheets after solid-solution treatment.

Key words: 7050 aluminum alloy; quenching method; precipitation behavior; electrical conductivity; nucleation site

1 Introduction

As light structural materials, Al-Zn—Mg—Cu
aluminum alloys have been widely used in aerospace
industry due to their high specific strength, specific

stiffness, fracture toughness, and damage tolerance [1-3].

The quenching process following the solid-solution
treatment will greatly affect the comprehensive
properties of Al-Zn—Mg—Cu alloys [4]. It is generally
believed that cooling rates during the quenching process
of heat-treatable aluminum alloys should be high enough
to restrain the precipitation phenomenon to ensure that
the alloys have a sufficient aging strengthening ability.
However, excessive cooling rates will cause the large
residual stress in quenching workpieces resulting in
distortion, deformation and even cracking of the
workpieces [5], and these quenching defects will be
difficult to eliminate in subsequent processes. Therefore,
it is particularly important to reveal the effect of different
quenching processes on properties and precipitation

behaviors of 7050 alloy. It is the key to develop a new
quenching method which can obtain the sufficient aging
strengthening ability and reduce the cooling intensity
simultaneously, during the quenching process.

At present, the researches on the effect of different
quenching processes on microstructures and properties of
Al-Zn—Mg—Cu alloys are mainly concentrated in two
aspects: one is the quench sensitivity and precipitation
behaviors of these alloys during different quenching
processes [6—9]; the other is the effect of different
quenching methods on the formation and distribution of
temperature field and stress field in quenching
workpieces [10—13]. In the field of the effect of
quenching methods on precipitation behaviors of
Al-Zn—Mg—Cu alloys, GODARD et al [14] revealed the
inhomogeneous precipitation sequences of 7010 alloy by
interrupted quenching tests. ZHANG et al [1]
investigated the influence of spraying parameters on
microstructures and properties of 7050 alloy during
water spraying quenching tests. DUMONT et al [15]
studied the effect of the cooling rates during different
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quenching processes on the quenching-induced
precipitation behaviors and mechanical properties of
7040 and 7050 alloy. ZHANG et al [16] reported the
influence of different cooling rates on the
inhomogeneous precipitation behaviors of 7021, 7085
and 7050 alloys by Jominy quenching tests. The effects
of different quenching medium on the precipitation
behaviors and corrosion resistance of 7085 alloy were
discussed by CHEN et al [17]. In order to improve
the corrosion resistance of Al-Zn—Mg—Cu alloys,
HUANG [18] and LI et al [19] changed the precipitation
behaviors on grain boundaries of Al-Zn—Mg alloys by
the high temperature pre-precipitation treatment.

In summary, the existing researches are mainly
focused on the effect of quenching processes on the
quenching-induced  precipitation  behaviors  and
properties of Al-Zn—Mg—Cu alloys. However, the effects
of different cooling intensities on the homogeneous
precipitation behaviors in matrix of Al-Zn—Mg—Cu
alloys, especially the formation and growth of GP zones,
have been rarely studied. Therefore, in the present work,
the solid-solution treated 7050 alloy sheets were
quenched in different ways and the influence of cooling
intensities on the properties and quenching-induced
precipitation behaviors of 7050 alloy was systemically
studied. The purpose is to provide some experimental
basis for developing a new quenching method of 7050
alloy which can not only guarantee the sufficient aging
strengthening ability, but also effectively reduce the
quenching stress.

2 Experimental

The material used in the present work was a
hot-rolled 7050 alloy plate with thickness of 30 mm and
its chemical composition was measured by the Oxford-
instruments FOUNDRY MASTER Pro direct-reading
spectrometer. The surface of tested sample was
mechanically ground with 2000° sand paper, and
contaminants on the surface were removed by ultrasonic
cleaning with ethanol. The content of alloying elements
was determined by placing the sample on the
electrospark holder of the spectrometer, and the result is
given in Table 1. Samples with size of 20 mm x 20 mm X
2 mm were cut from the one-quarter of thickness of
layers parallel to the rolling surface of the plate. After
two-stage solid-solution treatment at 470 °C for 1 h
followed by 484 °C for 2 h, the samples were cooled
(transfer time was less than 2 s) to room temperature
with five different quenching methods, including
immersion quenching by room temperature water, 8 MPa
water mist quenching, 8 MPa forced air quenching and
isothermal treatment at 330 °C for 5 s and 30 s followed
by water quenching (WQ). After quenching, one sample

of each group was only naturally aged for 70 d, and the
other was firstly naturally-aged for 70 d and then
artificially peak-aged at 120 °C for 24 h. After different
aging treatments, the electrical conductivity and Vickers
hardness of the samples were measured.

Table 1 Chemical composition of 7050 aluminum alloy (mass
fraction, %)

Zn Mg Cu Fe Si Zr
59 2.3 23 <0.08 <0.06 0.11

Others Al
<0.05 Bal.

Vickers hardness of the samples was measured by a
WILSON WOLPERT 450—-SVD instrument with 5 kg
load for 10 s and an average value was obtained from
five measurements for each sample. Electrical
conductivity of the samples was measured by a
FISCHER SIGMASCOPE SMP10 conductivity tester.
Microstructural features of the samples in natural aging,
including characteristics of grain boundary precipitates,
sub-grain boundary precipitates and inhomogeneous
precipitates in matrix, were observed by OLYMPUS
OLS 3100 laser scanning confocal microscopy (LSCM)
and ZEISS Ultra Plus scanning electron microscopy
(SEM) attached with the Energy Dispersive
Spectrometer (EDS). Microstructural features of
inhomogeneous and homogeneous precipitates in matrix
of the natural aging samples were observed by JEOL
JEM—-2100 transmission electron microscopy (TEM)
operated at 200 kV. The thickness of TEM foils was
measured using an Electro Energy Loss Spectroscopy
(EELS) attached in the TEM. Precipitates in matrix were
identified and ascertained by the selected area electron
diffraction (SAED) method. Foils for TEM observation
were twin-jet electropolished in solution of 30%
HNO; +70% CH;0H below —20 °C with the voltage of
12—-15 V. The average diameter of GP zones was
estimated by measuring at least 50 GP zones in the
images taken along (100),, direction on TEM.

3 Results

3.1 Effect of different quenching methods on

electrical conductivity and hardness

Figure 1 shows the relationship between the
electrical conductivity of the samples quenched in
different ways and natural aging time. The as-quenched
electrical conductivity, measured within 30 s after
samples are cooled to room temperature, is the highest
(34.1% (IACS)) in the sample isothermally treated at
330 °C for 30 s followed by water quenching, is the
lowest (30.3% (IACS)) in the forced air quenching
sample and is a medium-value (31.5% (IACS)) in the
immersion quenching sample. The decreasing rates of the
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electrical conductivity of the immersion quenching
sample and the samples isothermally treated at 330 °C
for 5 and 30 s followed by water quenching are similar.
However, the decreasing rates of the -electrical
conductivity of the water mist quenching and forced air
quenching samples are much slower than those of the
other three samples. Although at the beginning of natural
aging, the electrical conductivity of the immersion
quenching sample is higher than that of the forced air
quenching sample, the decreasing rate of the electrical
conductivity of the forced air quenching sample is the
lowest, leading to the electrical conductivity of the
forced air quenching sample higher than that of the
immersion quenching sample after natural aging for 1 h.
For instance, the decreasing amplitude of electrical
conductivity of the immersion quenching sample is 4.4%
(IACS), while the decreasing amplitude of the forced air
quenching sample is only 2% (IACS) after natural aging
for 48 h. When natural aging time is over 96 h, the
changes of electrical conductivity of all the samples are
very small compared with their decreasing amplitude of
electrical conductivity in the first 48 h of natural aging.

35
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—&  Immersion quenching

—e— 8 MPa water mist quenching
—A— 8 MPa forced air quenching
—&— Isothermal treatment at 330 °C

33+ for 5 s and water quenching
#— Isothermal treatment at 330 °C
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Fig. 1 Effect of natural aging time on electrical conductivity of
7050 alloy samples quenched in different ways following
solid-solution treatment

Figure 2 shows the distribution of electrical
conductivity and hardness of the samples quenching in
different ways of aging. It can be seen that the hardness
of the water mist quenching sample is the highest
(HV 158.4) after natural aging for 70 d, and the hardness
gradually decreases following the sequence of the forced
air quenching sample, immersion quenching sample and
the samples isothermally-treated at 330 °C for 5 and 30 s
followed by water quenching. When all samples are
naturally aged for 70 d followed by artificial peak-aging
treatment, the hardness of the water mist quenching
sample is still the highest (HV 193.6) and its electrical
conductivity is 30.5% (IACS) higher than that of the
immersion quenching sample (29.7% (IACS)), indicating

that the precipitation degree of the water mist quenching
sample is more adequate. The hardness of the sample
isothermally treated at 330 °C for 30 s followed by water
quenching is the lowest (HV 167) but its electrical
conductivity is the highest (33.4% (IACS)) after natural
aging followed by artificial peak-aging, indicating that
this sample has the highest precipitation degree after
aging treatment.
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Fig. 2 Distribution of electrical conductivity and hardness of
7050 alloy samples quenched in different ways following solid-
solution treatment

3.2 Microstructure of 7050 alloy in natural aging
Figure 3 shows the optical microstructures in
naturally aged samples quenched in different ways.
When the sample is immersion quenched in room
temperature water, the quenching-induced precipitates
are invisible on grain boundaries, sub-grain boundaries
and in matrix. Sub-grain boundaries are difficult to be
distinguished and the grains with the fibrous shape
distribute along the rolling direction, as shown in
Fig. 3(a). However, some inhomogeneous precipitates
appear on the partial grain boundaries of the water mist
quenched sample (Fig. 3(b)), indicating that the cooling
intensity of water mist quenching is lower than that of
immersion quenching. By comparing Figs. 3(c), 3(d)
with Fig. 3(b), it can be known that the inhomogeneous
precipitates on grain boundaries and sub-grain
boundaries gradually increase in the sequence of the
water mist quenched sample, forced air quenched sample
and the sample isothermally treated at 330 °C for 5 s
followed by water quenching. Because of the boundaries
of grains or sub-grains decorated with inhomogeneous
precipitates, the grains and sub-grains of the samples are
gradually revealed. When the sample is isothermally
treated at 330 °C for 30 s followed by water quenching,
the amount of inhomogeneous precipitates on grain
boundaries and sub-grain boundaries further increases,
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and the sub-grain boundaries are the most obvious.
Meanwhile, a large number of inhomogeneous
precipitates appear in matrix of the sample (Fig. 3(e)).

2165

Figure 4 shows the SEM microstructures in
naturally aged samples quenched in different ways. The
microstructures in Fig. 4 further confirm metallographic

@

Fig. 3 Optical microstructures of naturally aged samples quenched in different ways (after etching): (a) Immersion quenching;
(b) Water mist quenching; (c¢) Forced air quenching; (d) Isothermal treatment at 330 °C for 5 s and then water quenching;

(e) Isothermal treatment at 330 °C for 30 s and then water quenching

Element w/% x/%
Al 81.10 89.50
Mg 2.05 2.51
Si 0.05 0.05
Fe 238 1.27
Cu 7.72  3.62
Zn 6.71 3.05
Mn 0 0
Zr 0 0
Total  100.0 100.00
Fe Cu
.Mn Zn | IZr Zr
5 10 15
E/keV

Fig. 4 SEM microstructures in naturally aged samples quenched in different ways (without etching): (a) Immersion quenching;
(b) Water mist quenching; (c) Forced air quenching; (d) Isothermal treatment at 330 °C for 5 s and then water quenching;
(e) Isothermal treatment at 330 °C for 30 s and then water quenching; (f) EDS results of long rod shape phases in Fig. 4(a)
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results in Fig. 3. There is no precipitate on grain
boundaries, sub-grain boundaries and in matrix of the
immersion quenched sample. The second phases with the
long rod shape distribute along the rolling direction,
whose composition is similar to Al,Cu,Fe (Fig. 4(a)) and
their EDS results are shown in Fig. 4(f). From Figs. 4(b)
and 4(c), it can be seen that the density of precipitates on
the grain boundaries and sub-grain boundaries of the
forced air quenched sample is higher than that of the
water mist quenched sample and the size range of these
precipitates is 0.2—-0.4 pum. When the sample is
isothermally treated at 330 °C for 5 s followed by water
quenching (Fig. 4(d)), not only the density of precipitates
on the grain boundaries and sub-grain boundaries further
increases, but also the size difference of the precipitates
increases  gradually. = Meanwhile, some  small
inhomogeneous precipitates are also observed in matrix
of this sample. When the sample is isothermally treated
at 330 °C for 30 s followed by water quenching
(Fig. 4(e)), the precipitates on the grain boundaries and
sub-grain boundaries have grown to 0.5-2 pm and the
number of the inhomogeneous precipitates in matrix
increases significantly.

Figure 5 shows the TEM and SAED results
recorded in the direction of (100),; of the samples
quenched in different ways followed by natural aging for
70 d. The thickness of the observation areas in TEM foils
can be measured by the function of EELS. In order to
exclude the influence of samples thickness on statistical
results of GP zones, the bright field images are obtained
at the positions with the similar thickness (50—60 nm) in
TEM foils. From the bright field images with low
magnification (Figs. 5(a) and 5(b)), it can be seen that
there is no inhomogeneous precipitate in matrix of the
immersion quenched and water mist quenched samples,
except for some dispersed particles with the size of
20—40 nm. According to the SAED patterns
corresponding to these dispersed particles, the diffraction
spots are located at 1/2{200} and 1/2{220} (Figs. 5(g)
and 5(h)), which proves that the particles are Al;Zr
dispersoids [20,21]. However, from Fig. 5(c) in matrix of
the forced air quenched sample, it is found that the
inhomogeneous precipitates are precipitated on Al;Zr
particles which act as the nucleation sites, and the size of
the inhomogeneous precipitates is 30—50 nm.

Figures 5(d), 5(e) and 5(f) show high magnification

Fig. 5 TEM images (a—f) and SAED analysis results (g—i) recorded near (100),, of samples quenched in different ways followed by
natural aging for 70 d: (a, d, g) Immersion quenching; (b, e, h) Water mist quenching; (c, f, i) Forced air quenching



Lei KANG, et al/Trans. Nonferrous Met. Soc. China 28(2018) 21622172

TEM bright field images corresponding to Figs. 5(a),
5(b) and 5(c), respectively. It can be seen that a large
number of the fine precipitates with the dot-like shape
are uniformly distributed in matrix of the samples
quenched in three different ways. According to the
SAED patterns corresponding to these dot-like shape
precipitates (Figs. 5(g), 5(h) and 5(i)), the diffraction
spots are located at {1, (2n+1)/4, 0} which are the most
obvious at {1, 1/4, 0} and {1, 7/4, 0}, and there is no
diffraction pattern at 1/3{220} and 2/3{220}, indicating
that the dot-like shape precipitates in matrix are all GPI
zones and not 7’ phase [20,22—24]. In general, the shape
of GPI zones in Al-Zn—Mg—Cu alloy is globular [25,26],
which indicates that the two-dimensional morphology of
GPI zones along the (100),; direction is in the dot-like
shape. The results of statistical analysis show that the
size of GPI zones is the largest in matrix of the
immersion quenched sample and the diameter of these
GPI zones is 1.8-2.6 nm. Meanwhile, the size of GPI
zones in matrix of the water mist quenched sample and
the forced air quenched sample is similar, which is
1.4—1.8 nm. The density of GPI zones in the matrix of
the samples gradually decreases in the order of the water
mist quenched sample, the forced air quenched sample
and the immersion quenched sample, which is consistent

2167

with the order of the brightness contrast in Figs. 5(a),
5(b) and 5(c). The statistical analysis results of the GPI
zones are listed in Table 2.

Table 2 Statistical analysis results of GPI zones in matrix of
7050 alloy quenched in different ways

Immersion Water mist Forced air
Parameter : i i
quenching quenching quenching
Shape of GP ) 1 o Dot-like Dot-like
zones
Size of GP 1826 1.4—-1.8 1.4-1.8
zones/nm
Density of GP Low High Middle
zones

Figure 6 shows the TEM and SAED results
recorded in the direction of (110), of the samples
isothermally treated at 330 °C for different time followed
by natural aging for 70 d. The shape of the
inhomogeneous precipitates is rod-like in matrix of the
sample isothermally treated at 330 °C for 5 s and the size
of these precipitates is 0.1-0.3 um, as shown in Fig. 6(a).
According to the SAED pattern (Fig. 6(c)) corresponding
to the rod-like precipitates in Fig. 6(a), these rod-like

py 2 —

(b) '~

: \ i

Fig. 6 TEM images (a, b) and SAED analysis results (c, d) recorded near (110),, of samples isothermally treated at 330 °C for 5 (a, c)
and 30 s (b, d) and then water quenching followed by natural aging for 70 d



2168 Lei KANG, et al/Trans. Nonferrous Met. Soc. China 28(2018) 21622172

precipitates are 7 phases (MgZn,) [23,27]. In addition,
the 7 phases preferentially nucleate at Al;Zr particles and
dislocations. The size of 7 phases in matrix of the sample
isothermally treated at 330 °C for 5 s followed by water
quenching is significantly larger than that in matrix of
the forced air quenched sample (Fig. 5(c)). In the matrix
of the sample isothermally treated at 330 °C for 30 s
followed by water quenching (Fig. 6(b)), the shapes of
inhomogeneous precipitates are rod-like or ellipsoidal,
and the number of the inhomogeneous precipitates is
significantly larger than that of the sample isothermally
treated at 330 °C for 5 s. According to the SAED patterns
(Fig. 6(d)) corresponding to the inhomogeneous
precipitates in Fig. 6(b), the diffraction spots are located
at 1/3{220} and 2/3{220}, indicating that these
inhomogeneous precipitates are also 77 phases [20,28]. A
comprehensive analysis of Fig. 6 shows that with
prolonging isothermal time from 5 to 30 s, the
morphology and size of inhomogeneous precipitates
change a little, and the density of inhomogeneous
precipitates increases remarkably.

4 Discussion

4.1 Relationship between electrical conductivity and

precipitation behaviors

The inhomogeneous precipitation behaviors of the
7050 alloy samples quenched in different ways show that
the cooling intensities gradually decrease following the
sequence of immersion quenching by room temperature
water, water mist quenching, forced air quenching,
isothermal treatment at 330 °C for 5 s followed by water
quenching, and isothermal treatment at 330 °C for 30 s
followed by water quenching. According to the
Matthiessen resistance law, the main factors influencing
electrical resistivity include the density of solid solute
atoms in matrix and the stress field of coherent or
semi-coherent precipitates, which intensifies the
scattering of free electrons [29,30]. When 2 mm sheets of
7050 alloy are immersion quenched by room temperature
water  following  solid-solution  treatment, the
phenomenon of inhomogeneous precipitation is
suppressed and the most of strengthening alloying
elements dissolve in a(Al) matrix of the supersaturated
solid solution, while a small amount of them maybe
precipitate in the second phases with high melting point.
Electrical conductivity of the as-quenched sample is
mainly affected by solute atoms and vacancies in matrix,
and it is not the lowest. As the cooling intensity of water
mist quenching and forced air quenching is lower than
that of immersion quenching, in a relatively long cooling
process, the high density solute atom aggregation zones
have been formed in matrix due to the Spinodal
decomposition. The scattering effect of free electrons in

the solute atom aggregation zones is stronger than that of
the supersaturated solute atoms and vacancies in matrix,
leading to the lower electrical conductivity of the water
mist quenched and forced air quenched samples. When
the samples are isothermally treated at 330 °C for a short
time, which is the most sensitive temperature during the
quenching process [31], large size of equilibrium
precipitates have precipitated on grain boundaries,
sub-grain boundaries and in matrix, resulting in the
consumption of solute atoms and vacancies in matrix.
Therefore, the scattering effect of free electrons in the
samples isothermally treated at 330 °C is much lower
than that of the samples quenched by the other three
methods. In other words, the as-quenched electrical
conductivity of the samples isothermally treated at
330 °C for a short time is higher.

When the samples are quenched to room
temperature in different ways, in the subsequent natural
aging process, GP zones will form in matrix due to the
decomposition of supersaturated solid solution. The
formation of GP zones leads to a strong effect of
coherent strain and increases the lattice distortion in
matrix, so that the electrical conductivity of the samples
quenched in different ways gradually decreases with
prolonging natural aging time [32]. Because the
formation and growth of GP zones are related to the
interaction between solute atoms and vacancies in
matrix [33—35] and the concentration of vacancies in
matrix decreases rapidly with prolonging aging time after
quenching, the formation and growth of GP zones are
obviously fast in the first 48 h of natural aging, leading
to electrical conductivity of the samples decreasing
rapidly. Prolonging natural aging time over 96 h, the
number and size of GP zones in matrix are almost
stable [36,37], so electrical conductivity of the samples is
almost a constant in this stage.

According to the Hillel, Edwards and Wilkes (HEW)
theory, the electrical resistivity of aluminum alloy has the
maximum value [38,39], that is, the minimum value of
the electrical conductivity during aging at low
temperature, and the size range of GP zones
corresponding to the minimum electrical conductivity is
2-2.4 nm [38,40], which is similar to the size of the GP
zones in matrix of the immersion quenched sample after
natural aging for 70 d (1.8-2.6 nm in Fig. 5(d)).
Therefore, the electrical conductivity of the immersion
quenched sample after natural aging for 70 d is the
lowest. When the size of GP zones in matrix is similar,
the electrical resistivity of the alloy is proportional to the
volume fraction of GP zones [32]. When the samples are
naturally aged for the same time, the electrical
conductivity of the water mist quenched sample is lower
than that of the forced air quenched sample. During the
natural aging process, the decreasing rate of electrical
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conductivity is related to the formation and growth rates
of GP zones in matrix. Because the cooling intensity of
immersion quenching, water mist quenching and forced
air quenching gradually decreases, the supersaturation of
solute atoms and vacancies concentration of the
immersion quenched sample are both higher than those
of the forced air quenched sample. Therefore, the driving
force of the formation and growth of GP zones is larger
and the transformation rate is faster in the immersion
quenched sample. Although the cooling intensity of the
forced air quenched sample is lower compared with the
immersion quenched sample, a large number of solute
atom aggregation zones have been formed in matrix
during the quenching process, which will act as the cores
of GP zones. However, due to the low supersaturation of
solute atoms and vacancies concentration in matrix of the
forced air quenched sample, the nucleated GP zones
grow slowly. Therefore, the decreasing rate of the
electrical conductivity of the immersion quenched
sample is much higher than that of the forced air
quenched sample. In summary, the electrical
conductivity of 7050 alloy samples in natural aging state
is determined by the size and density of GP zones in
matrix, in which the size of GP zones is the main factor.

4.2 Relationship between hardness and precipitation

behaviors

The main strengthening phases of 7050 alloy are GP
zones and 7’ transition phases. It is generally believed
that the strengthening phases in natural aging state are
GP zones and in artificial peak-aging state they are 7’
transition phases [41]. By analyzing the hardness of the
samples quenched in different ways followed by natural
aging for 70 d (Fig. 2), it is found that the hardness of the
forced air quenched sample is obviously higher than that
of the immersion quenched sample. By comparing
Fig. 5(d) with Fig. 5(f), it is found that GP zones in
matrix of the forced air quenched sample are slight
smaller, but the density of GP zones is higher. The
strengthening mechanism of 7050 alloy in natural aging
state is the interaction of GP zones and their stress field
with dislocations in matrix, which will hinder the motion
of the dislocations. As the maximum size of GP zones in
this work during natural aging is 2.6 nm which is less
than 3 nm, the mechanism of dislocations passing
through the GP zones is shearing [42] and the
strengthening effect mainly comes from the strain
strengthening and chemical strengthening [43]. Therefore,
hardness should be proportional to the size of GP zones
only when a single GP zone hinders dislocations
motion [42]. However, when the interaction of the size,
density and distribution of GP zones is synthetically
considered, the hardness of the forced air quenched
sample in natural aging state may be higher than that of

the immersion quenched sample.

The precipitation sequence of 7050 alloy can be
described as follows: supersaturated solid solution —GP
zones— 77" phases— 77 phases, and the key factors for the
formation and growth of 7" phases are the size, density
and distribution of GP zones in matrix [29,44,45]. The
samples quenched in different ways have been treated
with natural aging for 70 d before the artificial
peak-aging and the distribution of GP zones in matrix of
the samples is shown in Fig. 5. The maximum-sized GP
zones have formed in matrix of the immersion quenched
sample, which are difficult to dissolve into matrix during
the following artificial peak-aging. Because the
supersaturation of solute atoms and
concentration of the immersion quenching sample are
both the largest, which is very favorable for the
nucleation and growth of 7’ strengthening phases, almost
all GP zones gradually transform into 7' phases during
the following artificial peak-aging. Therefore, the
hardness of the immersion quenched sample after the
artificial peak-aging has a great increase compared with
its hardness in natural aging. During the water mist
quenching process, the density and size of the
inhomogeneous precipitates on grain boundaries and
sub-grain boundaries are very small (Figs. 3(b) and 4(b)),
which has little influence on the supersaturation of solute
atoms. Due to the highest density and suitable size of GP
zones in matrix during the quenching and following
natural aging process, which promotes the formation of
the high-density 7’ strengthening phases, the water mist
quenched sample will obtain the highest hardness after
artificial peak-aging. Because of the formation of
numerous large-sized inhomogeneous precipitates on
grain boundaries, sub-grain boundaries and even on
Al;Zr particles during the quenching process, which
consumes a lot of solute atoms and vacancies resulting in
inhibiting the formation and growth of 7’ strengthening
phases during the following artificial peak-aging process,
the peak-aging hardness of the forced air quenched
sample is slightly lower than that of the immersion
quenched and water mist quenched samples.

vacancies

4.3 Sequence of nucleation sites of inhomogeneous

precipitation

According to microstructures of the samples
quenched in different ways followed by natural aging
treatment (Figs. 3—6), it is found that the most probable
sequence of nucleation sites of the inhomogeneous
precipitation can be described as follows: nucleation on
grain boundaries, nucleation on sub-grain boundaries,
and nucleation at Al;Zr particles or dislocations in matrix.
The grain boundaries, sub-grain boundaries, dislocations
and the surfaces of dispersed particles belong to the
high-energy regions compared with the normal position
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in matrix and the nucleation energy barrier of these
positions is much smaller than that of the homogeneous
nucleation. Therefore, the inhomogeneous nucleation is
always earlier than the homogeneous nucleation [46].
The sequence of inhomogeneous nucleation sites is
closely related to the critical nucleation energy, so that
the inhomogeneous precipitates preferentially nucleate at
the positions which have the lowest critical nucleation
energy. In addition, these preferential nucleation
positions are beneficial to the diffusion of solute atoms;
meanwhile, the inhomogeneous nucleation always
happens at high temperature corresponding to the high
diffusion coefficient of solute atoms. Therefore, the
growth rate of inhomogeneous precipitates after
nucleation is very fast, and the inhomogeneous
precipitates are mostly coarse equilibrium phases.

After natural aging for 70 d and artificial peak-
aging, the hardness of the water mist quenched sample is
HV 193.6 and its electrical conductivity is 30.5% (IACS),
which are both higher than those of the immersion
quenched sample. It is considered that 8 MPa water mist
quenching is the best in the five quenching methods of
7050 alloy sheets after solid-solution treatment. 7050
alloy sheets quenched by this method can obtain high
hardness and electrical conductivity simultaneously, that
is to say, the sheets will obtain a better corrosion
resistance [47,48]. Moreover, during this quenching
process, the suitable size, density and distribution of the
precipitated nucleus happen on grain boundaries,
sub-grain boundaries and in matrix of the alloy.
Therefore, the water mist quenching process is
equivalent to a pre-nucleation process. During the
following  artificial peak-aging process, these
pre-nucleation precipitates will grow up gradually,
inhomogeneous precipitates on grain boundaries will
become more coarse and discrete, and the density and
distribution of homogeneous strengthening precipitates
in matrix will be more reasonable, which guarantees that
the 7050 alloy sheets will get excellent properties after
water mist quenching.

5 Conclusions

1) The electrical conductivity of the 7050 alloy
samples quenched in different ways decreases rapidly in
the first 48 h of natural aging. The decreasing amplitude
of the immersion quenched sample is the maximum,
which is 4.4% (IACS), while the decreasing amplitude of
the forced air quenched sample is the minimum, which is
only 2% (IACS).

2) The electrical conductivity of the 7050 alloy
samples in natural aging state is determined by the size
and density of GP zones, in which the size of GP zones is
the main factor. After quenching and natural aging for

70 d, the size of GP zones of the immersion quenched
sample is the largest, which is 1.8-2.6 nm. The size of
GP zones of the water mist quenched and forced air
quenched samples is similar, which is 1.4—1.8 nm.

3) During the quenching process of 7050 alloy, the
most probable sequence of nucleation sites of the
inhomogeneous precipitation can be described as follows:
first nucleation on grain boundaries, next nucleation on
sub-grain boundaries, and final nucleation at Al;Zr
particles or dislocations in matrix.

4) After natural aging for 70 d followed by artificial
peak-aging, the hardness of the water mist quenched
sample is HV 193.6 and its electrical conductivity is
30.5% (IACS), which are both higher than those of the
immersion quenched sample. Therefore, water mist
quenching is the best in the five quenching methods of
7050 alloy sheets after solid-solution treatment.
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L ARAERSE MORBRE S TR MR ) 3 S U s B s sk e =, VEFH 110819;
2. Department of Applied Science, University of Quebec at Chicoutimi, Quebec, G7H 2B1, Canada

B E. RHBMABEI(SEM). B HEN(TEM). & X HFATH (SAED). Bl K i S M F B, #F7T 7050
A o AR ] 5 A FE 8 3 AR ) 3 kA D R P B ST AT . SRR 7050 B &4 A T KA H
Jei, 75 BRI BRI 48 h A FE R A AL SR IGE T M. A4 E AR RCIRES R B S 2 GP X iR ~F R R L R e
&, H GP X RS AR ERmR 3R . S IE KA KRR GP XRS5 R, 4 1.8~2.6 nms /K 55 R R
KRS IR GP X R SHHIE, 9 1.4~1.8 nm. 7KK 7050 & 4 [ AL 5 e B AR 1) K R H1 77 20, HiZ
75 3K 7050 450 H RIS A 70 d FE N T U6 XA 38 S IR D HV 193.6, HLS: %N 30.5% (IACS), H&ET
HIFPRAE T ERAEKE LK.
XA 7050 a4 WoAkOrRs MTHAT R SR, BEAE
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